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VLADIMIR KONSTANTINOVICH ARKAD'YEV (June 21, 1884-Dec. 1, 1953) 
- K. M. Polivanov 


V. K. Arkad'yev must be credited with many outstanding theo- 
retical and experimental researches fundamental to present-day theory 
of the behavior of ferromagnetic substances in varying fields. He 
also conducted many important investigations in allied fields: re- 
searches on the generation and propagation of electromagnetic waves 
and experiments having to do with the diffraction of light and the 
beaming of short radio waves through dielectrics with subsequent 
recording of the images formed. 

V. K. Arkad'yev's very first independent Study, carried out in 
the laboratory of P. N. Lebedev in 1907, attracted wide attention and 
earned the young scientist a prize bestowed by the Moscow Society of 
the Friends of Science. In measuring the reflection of waves by 
Hertz gratings Arkad'yev discovered that the ferromagnetic properties 
of such gratings "vanished"in the range of frequencies of the order 
of 1010 cycles. 

In his next investigation (1911), Arkad'yev determined the fer- 
romagnetic properties of wires by means of absorption measurements. 
Arkad'yev reported on his work in December, 1911, at the sessions of 
the Physics Section of the Second Mendeleev Conference meeting in 
St. Petersburg. These reports subsequently appeared in the Journal 
of the Russian Physico-Chemical Society in 1913 (Ref. 1). The same 
Journal (Ref. 2) also carried a paper by Arkad'yev on the theory of 
the magnetization process under dynamic conditions, taking into 
account magnetic viscosity and the possibility of oscillatory pro- 
cesses, leading to resonance. These contributions attracted the 
notice of scientists both in Russia and abroad. Ina letter dated 
June 20, 1913, P. S. Ehrenfest wrote to Arkad'yev: "Yesterday I 
told Weiss and Einstein about your work on magnetism. Both evinced 
great interest in your experiments and in your idea." 

Having studied ferromagnetic effects over a wide range of fre- 
quencies, Arkad'yev evolved a theory of passive magnetic spectra and 
introduced the concept of complex magnetic permeability 


Wi = - je’. (1) 
Proceeding from general phenomenological postulates regarding 
the motion of elementary magnets, Arkad'yev derived equations for 


the variation of magnetic permeability with frequency: 


a) For the case of motion characterized by relaxation (viscosity): 
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where m + my = (0) is the permeability at low frequency 
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(w > 0); m = UG) is the permeability at high frequency (W +0); 

y= Taek (here T is the period of the forced oscillations; T, = 21% 5 
andTy is the time constant of the relaxation law); 9, is the mini- 
mum cOmponent of the permeability at the low frequency (& +0), cor- 
responding to the hysteresis losses. 


b) For the case of oscillatory motion: 
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where py =A,/A (A_ is the wavelength in free space, corresponding to 
the natural frequéncy of oscillation of the elementary magnets and 
A is the wavelength in free space, corresponding to forced oscilla- 
tions); 9 is the measure of viscosity (according to the terminology 
used by Arkad'yev) or a factor equal to the reciprocal of the quality 
of the oscillating system (with A =A o); m and mj, are as defined 
under Case a) above. 

Analyzing his experimental results, Arkad'yev was the first to 
discover the existence of magnetic resonance; the experimentally de- 
termined frequency characteristic showed satisfactory agreement with 
the theoretical curves, computed on the assumption that the motion 
of the magnetic moment carriers was oscillatory. 

Arkad'yev's early experiments were carried out at a time when 
only the most primitive equipment for microwave work was available; 
however, his results have been fully confirmed by all subsequent 
experiments. 

The curves constructed by Arkad'yev for iron and nickel (Refs. 

3 and 4) are reproduced in Figure l. 

As may be seen from these curves, the permeability approaches 
unity (the susceptibility drops to zero) at a wavelength of the order 
of l cm in the case of iron and of the order of 3 cm in the case of 
nickel. The theoretical curves are plotted on the assumption of 
oscillatory motion of the magnetic moment carriers fequation (3)/ 
for the following values: 

for Ni: 90 = 3.2 andAo = 7.4 
for Fe: @®= 1.6 andAg = 6.0. 

After the Revolution, Arkad'yev was able to expand the scope of 
his civic and scientific activities; he organized one of the most 
progressive scientific laboratories at Moscow University. In this 
laboratory, under Arkad'yev's direction, A. A. Glagoleva-Arkad'yeva, 
uSing electromagnetic spark oscillators, was the first to obtain the 
very short waves that fall between the longer heat waves and the short- 
est radio waves (Ref. 5). This brilliant achievement received world- 
wide recognition. 

Arkad'yev and his colleagues published over 200 works devoted to 
the thoery of magnetic spectra and associated problems of the dynamics 
of magnetization. The most detailed and extensive discussion of these 
problems to be found anywhere in scientific literature is given in 
the two-volume monograph (Ref. 4), published in 1934-1936, in which 
Arkad'yev Summarizes the results of all investigations carried out in 
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this field both in the USSR and abroad, in the symposiums edited by 
Arkad'yev (Ref. 6) and in a number of his later articles.* 
Throughout his life Arkad'yev continued his investigations in 
the field of magnetic spectroscopy; thus, in an article published 
in 1947 (Ref. 7) he again analyzed the experimentally determined 
variation of the magnetic permeability of nickel and iron (Fig. 2) 
and reiterated his conclusion that the closest agreement with theory 
is obtained in the case where oscillatory motion of the molecular 
magnets is assumed. Arkad'yev showed, on the basis of experimental 
data, that for iron one must assume the existence of three types of 
oscillating particles characterized by different values of A 
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accordingly, the last term on the right side of equation (3) should 
be replaced by the sum of the three terms. 
In the case of nickel, the best agreement of theoretical values 


with experimental data is obtained if we take Ag = 3 cm, m = m, = 1, 
and 8 = 0.9. 
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Fig. 1. Electric and magnetic spectra of iron and nickel 
(at left: electric spectrum of Bengal-Rose dye, in the 
region of optical frequencies). Solid lines plotted on 
the basis of theory by V. K. Arkad'yev. (Refs. 3 and 4). 
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Since ferromagnetic resonance was first observed by E. K. Zavoi- 
ski (Ref. 8) in the USSR and J. Griffiths in the U.S.A. (Refs. 9 and 
* The monograph (Ref. 4) and the symposiums (Ref. 6) contain exten- 

sive bibliographies, listing earlier works. 
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10), the phenomenon has been widely studied (Ref. 10). There have 
also been very many investigations during the last decade devoted 

to magnetic spectra in the region of lower frequencies. In all 

these investigations, - even when no specific reference is made to 
Arkad'yev's publications - extensive use has been made of the methods 
of analysis and the basic theory of spectral characteristics devel- 
oped by him. 
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Fig. 2. Magnetic spectra of iron and nickel: Vv. K. 
Arkad'yev (Ref. 7). 


A comparison of the latest test re- 
sults with the experimental and theoreti- 
cal data cited by Arkad'yev clearly shows 
the fundamental importance of his investi- 
gations. By way of illustration, the re- 
sonance curves for ferrite obtained by 
Rado, Wright, and Emmerson (Ref. 10) are 
reproduced in Figure 3. 

V. K. Arkad'yev was ever a Soviet 
patriot, quick to respond to the needs of 
Our Fatherland. While still a student in 
1911, Arkad'yev, together with a group of 
progressive faculty members, left Moscow 
University in protest against the arbitrary 


fr ET acts of the Tsarist police. During the 
- Frequency, mc First Imperialist World War, Arkad'yev or- 
ganized a laboratory for studying methods 
Fig. 3. Magnetic spec- of defense against poison gases (Ref. 1l). 
trum of ferrite in de- Teaching at Moscow University and 
magnetized state. heading various scientific laboratories, 
(G. Rado - Ref. 10) Arkad'yev built up a large following in 


, the field of magnetism; a number of now 
famous Soviet physicists began their scientific work under Arkad'yev's 
supervision. Arkad'yev was also active in the communal sphere: he 
organized a number of scientific meetings and conferences (Ref. 12) 
at which not only theoretical subjects but practical problems connected 
with the application of ferromagnetic substances were considered. 

Despite his poor health, Arkad'yev energetically developed new 
ideas and planned bold experiments to the last days of his life. One 
of the last experiments, executed in accordance with his suggestions, 
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was concerned with observing the behavior of a magnet "floating" 
above a superconducting surface (Ref. 13). On the basis of this 
essentially new interaction of forces, Arkad'yev advanced a hypo- 
thesis regarding the influence of similar forces in interstellar 
Space; some of his writings published in 1950-1953 are devoted to 
problems of astrophysics (Ref. 14). Although already very ill, 

early in 1953, Arkad'yev in a report read at a- session of the 
Learned Council of the Physics Department of Moscow State University, 
dedicated to "Radio Day", suggested a new and Original method of 
generating millimeter and centimeter waves. 

A brief biography, a selected bibliography and a chronicle of 
his work will be found in a book on Arkad'yev published by the 
Academy of Sciences of the USSR (Ref. 15). An account of his life 
and achievements, written by one of his students, Prof. N. N. Malov, 
appeared in the journal, Uspekhi fizicheskikh nauk (Progress of Phy- 
Sical Sciences) (Ref. 16); another in memoriam article was published 
in Electrichestvo (Electricity) (Ref. I7). 
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CERTAIN PROBLEMS CONNECTED WITH THE QUANTUM-MECHANICAL THEORY OF 
FERROMAGNETISM OF FERRITES AND ANTIFERROMAGNETISM 


Part 1. A Critical Survey of Present Theory 
ne nee eee eee Lneory 
- S. V. Vonsovski 


1. In the classification of ferromagnetic materials, ferrites 
(crystalline products, having the general formula MeO-Feo09, where 
Me is a bivalent metal ion) may be placed in a separate group of sub- 
Stances, characterized by a number of specific attributes. Among the 
attributes, which differentiate ferrites from ferromagnetic metals 
and alloys and, in a certain sense, relate them to antiferromagnetic 
substances, we may note the following: 

a) The presence of an antiferromagnetic coupling between the 
magnetoactive ions of the crystal (i.e. between the electron spins 
of the ions of the metal and of the iron). This coupling, which is 
highly characteristic of ferrites", leads to a net spontaneous mag- 
netization of the crystal differing from zero Only because of the 
"non-equivalence" of the magnetic moments of the ions, i.e. the mag- 
netization is a differential effect. The difficulties encountered 
in determining the ground state of an antiferromagnetic substance 
and in subdividing a crystal into a system of magnetic sublattices 
are associated with this characteristic of ferrites. 

b) The indirect nature of the exchange coupling between the mag- 
netoactive ions, a coupling in which an important part is played by 
the magnetically neutral O ~~ ions, which participate in the exchange 
coupling through the outer part of their electron shells. This in- 
direct exchange (= superexchange. Translator) is an example of strong 
coupling between the electron spins of next-to-nearest neighbor ions 
(of the second coordinational domain), rather than between nearest 
neighbor ions. In this case the transition of electrons between 
neighboring lattice sites, as well as the exitation of the electron 
states begins to be important. This type of exchange coupling is 
common to all ferrites as well as to all antiferromagnetic compounds. 

c) The semiconductor character of the electric conductivity of 
ferrites. Ferrite crystals display a peculiar type of ion lattice, 
in which the positive ions are ions of metallic elements of the transi- 
tion groups. Since conductivity electrons are absent in the normal 
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* AS a rule, possible ferromagnetic coupling plays a secondary role. 


State, ferrites Should be classed as semiconductors; however, the 
presence of ions with inconplete shells and possibility of elec- 
tronic ordering of ions of different valence result in a number of 
distinctive features where the Semiconducting properties of ferrites 
are concerned. 

Obviously, these three characteristics do not exhaust the list 
of the distinctive properties of ferrites; however, these are the 


rites, difficulties Over and above those encountered in elaborating 

a quantum-mechanical theory of the ferromagnetism of Ordinary metals 

and alloys. Some of these difficulties are also inherent in the 

quantum theory of antiferromagnetism. Hence, it is of interest to 

cg dee these difficulties and explore possible ways of resolving 
en. 


2. Let us first turn to the problem of indirect exchange. It 
May be useful to recall the general crystallometric relationships 
for a typical representative of terromagpnetic ferrites, having a 
crystal structure of the Moxos Ogstuepinel]: typeye4) es) sesenl isa 
2-4 spinel (the prototype of such crystals is formed by the MgAlo0xq; 
Xt® and Y+++ are bi- and trivalent metal ions, y+++, in this case, 
being Fet++). The negative oxygen ions form a dense face-centered 
cubic lattice. Between these "large" negative ions there remain 
"narrow" inter-sites for the "small" positive metal ions. There are 
two types of intersites: Type A or tetrahedral, in the center of the 
elementary cells (the number of these intersites is equal to twice 
tnat or the 0-- 2006. 3 ce. to eight per cell; each is Surrounded by 
four O-- ions) and Type B or Octahedral, in the middle of the edges 
and in the center of the elementary cell (the number of these inter- 
sites equals the number of U-> tons, i.e. four per cell; they are 
Surrounded by six O-- ions). Ina Spinel lattice the elementary cell 
has a double edge, since not all intersites are Occupied by metal 
ions; i.e. in the case of tetrahedral (Type A) intersites only eight 
of the 64 sites available per 32 0-~ ions are occupied by Y't+ ions, 
while in the case of octahedral (Type B) intersites, Only 16 of the 
32 sites are occupied, half by Xt+ and half by y+++ ions. This dis- 
tribution of the X and Y ions corresponds to the invert structure of 
spinel: 
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(in the case of normal structure we have SeDEY ELON EOFS) 4 There 


arises a strong indirect exchange coupling, through the intermediate 
O-~ ions, between the metal ions in the type A and B intersites, 

Kramers (Ref. 1) pointed out that there can be an exchange spin- 
coupling in which the intermediate non-magnetic ions participate. He 
assumed that a substantial part in this exchange is played by the 
"excited" states of the intermediate ions, states in which these ions 
become paramagnetic. A simple example of such exchange coupling is 
furnished, for instance, by the antiferromagnetic ionic Mntt+O-- crystals 
(rock salt type lattice). Aside from the purely ionic state, here one 
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must take into account an "admixture" of states in which at least 
one of the p-electrons from the O~- ion goes over into the d- or 
s-state on the Mn++ ion, which changes its valence (to Mnt), while 
the O-~~ ion becomes paramagnetic and, hence, can participate in 
"magnetic" (for example, exchange) interactions. There are two 
possible configurations of the O-- ion and the two neighboring Mntt 
ions: in the first, all three ions are located along One straight 
line (Fig. la); in the second, the lines connecting the Mntt ions 
with the O~~ ion forma right angle (Fig. 2b). Although the minimum 
distance (av 2) between the two Mntt+ ions occurs in the second con- 
figuration, indirect exchange, as will be shown below, is effected 
by interaction between the next-to-nearest neighbors (from the second 
coordinational domain) rather than between the nearest neighbors. 

As follows from gyromagnetic relationships, the orbital moments in 
the crystals are "frozen". It may be assumed that in the normal 
state, two electrons in the O~~ ion form a closed p-shell with a 
dumbbell-like distribution of electron density (Fig. 2a) about the 
axis along which all three atoms are located in the first configura- 
tion. 

Anderson (Ref. 2), using Serber's generalization of the Dirac 
vector model (Ref. 3), investigated the perturbed problem for a four- 
electron system of three ions. Together with the ground state (Fig. 
2a) in which in addition to two p-electrons on the O~~ ion there are, 
also, two electrons, d, and dg, in the d-orbits of the Mnt+ ions, 
Anderson considered one excited state. In view of the distance be- 
tween the Mn++ ions there is virtually no overlap between the d}- and 
do-state wave functions. However, in view of the overlapping of the 
dumbbell cloud of the p-electrons with electron cloud of the Mntt 
ions, strong interaction between the electrons of the O-~ and the 
Mnt+ ions is possible. That is, there is a finite probability that 
one of the p-electrons from the O~~ ion will go over into some dj 
state on the Mntt+ ion (Fig. 2b). In this case it must be Seauned 
that the p-electron, becoming transformed into a dj-electron in con- 
sequence of the jump, will be coupled to the d,-electron already on 
the Mn++ ion by some strong interaction, pecendiue on the spin. In 
other words, there can take place exchange interaction, leading to 
splitting of the energy level, i.e. the energies of the dj + dj pair 
in the singlet and triplet states may be different: 


Ey, (dz, dy) ¢ Ey, (dz, 4}) 


sing l’trip— 

It is now simple to describe qualitatively the process deter- 
mining the indirect exchange. To the ground state of the four-elec- 
tron system only two spin-states are available: a singlet (resultant 
spin equal to zero) and a triplet (resultant spin equal to unity), 
since the spins of the two electrons in the p-state on the O77 ion 
are always antiparallel. Let us assume, for example, that the p- 
electron, jumping on to the Mntt ion, has a spin antiparallel to that 
of the d ,-electrons on the ion; then in the excited state of the four- 
electron system there is also only a singlet and a triplet (in the 
general case there may be two singlet states, three triplet states, 
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Fig. 1. Possible configuration 
of O-~ and Mnt+ ions in lattice 
of antiferromagnetic Mntto-- 
crystal: a) all ions in line; 
b) lines connecting Mn*t ions to 
O-~ ion form right angle. 


and one state with spin 2). 


Fig. 2. Distribution of elec- 
tron densities in Mn$+O-~ mole- 
cules: a) case of taking into 
account two magnetic electrons 
(dj and dg), dash-lines indicate 
possible transition of one of 
these to excited state; b) case 
of transfer of one of the p-elec- 
trons from the O-- to the Mntt 
ion (dj state). 


In the ground state, there is no split- 


ting between the singlet and triplet states inasmuch as the O7~ ion 
has a closed shell, while the Mnt+ ions, being far apart, do not 
interact. In contrast, in the excited state of the system there can 
be splitting between the singlet and triplet spin configurations, 
since in this case there can be an appreciable exchange interaction 
between the p-electrons remaining on the O-~ ion and the do-electron 


on the second Mn++ ion. 


The wave function of the system, in first 


approximation, has the form of a linear combination of the functions 
of the ground (¥,,) and excited (Wex) states: 


- py ts3; (1) 


here, in view of the known selection rules, the singlet "1" and trip- 


let "3" states are not combined. 


As a result of the solution of the 


perturbation problem for a four-electron system, there is obtained in 
the expression for the energy, along with the quasiclassical electro- 


static interaction, an exchange term: 


W = -2A 
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depending on the relative orientation of the spins of the Mn*tt ion 


electrons. Here 


Aindi 7 


- [e52 - 272] p 25, (3) 


where Egy and Erp are the energies of the singlet and triplet states 
of the d, and dj electrons, respectively, 


p=), () Ha, (1) de 
is the integral of electron transition from O-~ to Mntt, and 
J = Vy. (ty), (12) Yales) d, (ty) drydr, 


is the normal integral of exchange between the electrons on the O7 
and Mntt ions. 

Thus, from equation (2) it is clear that the indirect exchange 
is an energy correction of the third order. 

The above schematic interpretation of indirect exchange apparent- 
ly correctly, if only qualitatively, characterizes this type of inter- 
action in a crystal; however, from the quantitative standpoint it is 
wholly inadequate in view of its grossly approximate nature. There 
have been attempts to achieve greater accuracy by taking into account 
the fact that there are actually more (magnetically) active electrons 
on the metal ions than is assumed in the above-mentioned method of 
analysis (see, tor example, Ref. 4). However, up to now indirect ex- 
change has not been successfully taken into account in any consistent 
multiple-electron treatment of antiferromagnetism and ferromagnetism. 
In all multiple-electron calculations the negative ions are virtually 
ignored, and their presence in the crystal lattice is allowed for 
only by means of a certain "constant", i.e. the indirect exchange 
integral. This is due to the great mathematical difficulties encoun- 
tered in attempting to extend the multiple-electron analysis to the 
case of antiferromagnetics (not pure metals) and ferromagnetic ferrites 
The primary problem, the solution of which would open the way to evolv- 
ing a consistent multiple-electron theory, is the problem of a crystal 
in which all or a certain group of lattice sites are occupied by atoms 
having closed electron shells. The results of the calculations. for 
such a model together with the conventional calculations based on the 
theory of terromagnetism (for the open shells at the remaining sites) 
should make it possible to construct a more consistent multiple-elec- 
tron model oi crystals with indirect exchange. The most promising 
and rigorous line tor such a generalization is indicated in the general 
method of treating the multiple-electron problem given by Bogolyubov 
and Tyablikov (Ref. 6). 


3. AS mentioned above, it is ditficult to determine the grounds 
state energy in tne quantum-mechanical theory of ferrites and anti- 
ferromagnetic substances. In the case of ordinary ferromagnetic 
materials, there is no such difficulty inasmuch as here the ground 
state is characterized by the maximum possible magnetic saturation, 
i.e. complete parallelism of the spin moments (if one neglects the 
minor perturbing influence of magnetic interaction between electrons). 
The difficulty of determining the ground-state energy of territes and 
antiferromagnetics stems trom the tact that so far it has not been 
proved conclusively that the state of ideal antiferromagnetic order 
ing in the crystal lattice corresponds to the minimum energy condition. 
In the final analysis, this difficulty is one of justifying the intro- 
duction, into the theory, of the concept ot magnetic sublattices in 
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ferrites and antiferromagnetic substances. The present writer al- 
ready remarked on this difficulty back in 1940 (Ref. 6) in a criti- 
cal appraisal of Bitter's contribution (Ref. 7) on the theory of 
ferromagnetic alloys. A similar criticism was also offered by Rud- 
nitski (Ref. 8). 

Within the framework of the Spin-wave (or ferromagnon) theory 
the difficulty resides in the fact that it remains obscure why the 
antiferromagnons can be "linked" only to one sublattice. The question 
has been discussed in the most logical, but, unfortunately, very abbre- 
Viated, fashion by Bogolyubov and Tyablikov (Ref. 9), who showed that 
subdivision into magnetic sublattices is allowable only when the abso- 
lute value of the exchange integral between adjacent lattice sites is 
Small compared to the exchange integral for two neighboring sites of 
the same Sublattice. In the case of lattices with non-magnetic ions, 
naturally, the problem of subdivision into sublattices is closely 
associated with the problem of indirect exchange (see under 2 above). 

It should be noted that despite the fact that rigorous proof 
for the magnetic sublattice hypothesis is lacking, experiments appear 
to confirm the existence of an antiferromagnetic spin-moment arrange- 
ment (neutron diffraction experiments reported in Ref. 10). Also, 
the results of theoretical calculations based on the sublattice hy- 
pothesis show close agreement with experimental data (Ref. 4). 

Anderson (Ref. 11), reasoning from basic concepts, has shown 
that the true ground state energy, E,, of an antiferromagnetic sub- 
stance is lower than the value -1/2 NzJs2 obtained from the magnetic 
sublattice hypothesis where N is the number of sites per unit volume, 
J is the exchange integral, z is ‘the coordinational number of the 
lattice (nearest neighbor number), and s is the spin quantum number 
of the magnetic ion. In addition, Anderson determined the lower 
energy limit, which differs by a factor of (1 + 1_). Thus, we have 
the inequalities ac 


eg Nadi? > Ee ee NoJs* (1 +=). (4) 
From (4), it will be seen that the error in determining the ground 
State energy on the basis of the sublattice hypothesis is not great. 
For instance, in the particular case where z =» 8 and 5 = 5/2, the 
error amounts to only 5%. Anderson discusses this question in more 
detail in a later article (Ref. 12), in which he approximates the 
ground state energy in the light of the antiferromagnon theory and 
making allowance for the fact that the magnetic moment (spin) of the 
lattice is not an integral of the motion, 

Despite this, it cannot be said that we have a rigorous solution 
to the problem of the ground and weakly excited states of even pure 
antiferromagnetic materials, to say nothing of ferrites and antifer- 
romagnetic substances with indirect exchange. 

Yet another troublesome point arises in connection with the 
above-mentioned difficulty inherent in the quantum-mechanical theory 
of ferrites and antiferromagnetic materials. Even in the case of the 
conventional theory of ferromagnetism there has been some difficulty 
with divergences in computing thermodynamic values (for instance, the 
resultant magnetization of the lattice) for one-dimensional and two- 
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dimensional lattices. In the case of two-dimensional lattices this 
difficulty disappears if magnetic interaction is allowed for. The 
Physical cause of these divergences is to be found in the quantum 
effect of "zero (neutral) oscillations" which automatically disrupt 
the magnetic order. [In the case of antiferromagnetic substances these 
difficulties are aggravated: divergences in computing thermodynamic 
values crop up in the case of three-dimensional lattices as well. 
Hence, strictly speaking, the problem of antiferromagnetism cannot, 

in principle, be considered solely in the light of isotropic electri- 
cal interactions; it is essential also to take into account aniso- 
tropic magnetic interaction. So far no one had developed a consistent 
treatment for a multiple-electron system, taking into account simul- 
taneously both electric and magnetic interaction. 

One further remark regarding the quantum-mechanical theory of 
Spin-waves for ferrites and antiferromagnetic materials is in order. 
The fact is that in the transition from the case of ordinary ferro- 
magnetic substances to ferrites and antiferromagnetics the very charac- 
ter of the spin waves changes. Mathematically, this is evinced by the 
fact that for weak excitations of the lattice spin-systems the disper- 


Sion law - i.e. the connection between the energy and the quasi-impulse 
of the elementary excitations - is different for ferromagnons as com- 
pared with antiferromagnons. In the case of ferromagnons the rela- 


tionship between the frequency (energy) and the wave number (quasi- 
impulse) is quadratic (for smali quasi-impulses), while for antifer- 
romagnons the dependence is linear (to the same approximation). This 
difference in the dispersion laws results in a difference between the 
temperature dependences of the static and kinetic macroscopic proper- 
ties of ferromagnetics and of antiferromagnetics. A very clear ex- 
planation of the difference of the dispersion laws applying to ferro- 
magnetic and to antiferromagnetic crystals has recently been given by 
Keffer, Kaplan, and Yafet (Ref. 13) who showed that this difference 
is due to phase differences between neighboring precessing spins at 
Small deviations from complete saturation and in the presence of two 
almost saturated sublattices. It would be of interest to generalize 
this explanation to include the ferrites having both sublattices and 
net magnetization (at temperatures below the Curie point). 


4. No one, so far, has investigated the electric properties of 
antiferromagnetic materials. Where ferrites are concerned, we know 
of only preliminary attempts at a theoretical treatment of their 
electric properties on the basis of the one-electron model, which is 
unsuitable for investigating their ferro- and antiferromagnetic pro- 
perties (see survey in Ref. 14). Yet a comprehensive investigation 
of both the electric and magnetic properties of these substances, 
based on a single unified multiple-electron model, would be of un- 
doubted interest. Investigators should note that among the antifer- 
romagnetics there are metals of the transition groups (for example, 
chromium and, apparently, manganese). Hence, it may be desirable to 
apply the model of interacting outer and inner electrons of transition 
metals to this type of antiferromagnetics (Ref. 15). Antiferromag- 
netic compounds and most ferrites are semiconductors, although there 
are among them certain substances (for example, magnetite) which can- 
not be regarded as typical of this class. We still have no unified 
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treatment of the semiconductor and magnetic properties of these ma- 
terials, with the exception of the preliminary attempt at such treat- 
ment by the author and Agrafonova (Ref. 16). A detailed study of the 
electric properties of ferrites and the relationship of these with 
the magnetic properties constitutes an extremely complex problem, yet 
an extremely important one as regards both the theory of ferrites and 
their practical application. 

Among the very interesting characteristics of ferrites is the 
so-called phenomenon of electron ordering which results in an orderly 
arrangement of ions of different valence in lattice sites of a single 
type. Specifically, we have convincing proof of this phenomenon in 
magnetite (see editor's note in Ref. 17). It would also be worthwhile 
to investigate the electric properties of ferrites with the aid of the 
generalized crystal model according to Bogolyubov and Tyablikov (Ref. 
a). 
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CERTAIN PROBLEMS CONNECTED WITH THE QUANTUM-MECHANICAL THEORY OF 
FERROMAGNETISM OF FERRITES AND ANTIFERROMAGNETISM 
Part II. The Quantum-Mechanical Theory of Ferromagnetic Ferrites 


- S§. V. Vonsovski and Iu. M. Seidov 


1. The principal characteristics of ferromagnetism in ferrite 
type materials were described in the first part of this report (Ref. 


1). The present part is devoted to the results of a quantum-mechan- 
ical treatment of the ferromagnetism of ferrites in the region of 
low temperatures (ferromagnon approximation). As our basic model we 


have selected the most consistent multiple-electron system, suggested 
by Bogolyubov and Tyablikov (Ref. 2). Ferromagnetic ferrites have a 
crystal lattice of the spinel type. The negative, magnetically neu- 
tral O”-~ ions form a face-centered cubic lattice, while the positive 
bi- and trivalent ions of metals of the transition group occupy lat- 
tice inter-sites otf two types: tetrahedral (Type A) and octahedral 
(Type B). Below we will consider only the structure of invert spinel, 
in which the tetrahedral inter-sites, numbering eight per elementary 
cell, are occupied by trivalent ions while the sixteen octahedral 
inter-sites are taken up half by Fettt+ ions and half by bivalent ions 
of the transition metal, Mett. 

AS was indicated in Part I, for a rigorous solution of the prob- 
lem, the basic model should take into account the active role played 
by the O-~ ions in indirect exchange. However, for our first approxi- 
mation, in order not to complicate the calculations we will simply 
accept the fact that indirect exchange exists. Hence, the electrons 
of the closed shells of the O~~ ions will not be explicitly provided 
for in Our equations; they will be taken into account implicitly by 
the indirect exchange integrals introduced in the development. 

The energy operator fi of a system of N interacting electrons, 
moving in a field of N positive ions, in coordinate representation 
has the form: 


. h? = “ N 
H = om Dy P DICE n,) ‘geba V (jq;—ayI), (154) 


ip Nhs J ee 


where m is the electron mass, 2mm is the action quantum, 4j; is the 
Laplace operator of the jth electron, qj and ny, are the Se neye = vec- 
tors of the jth electron and the ,th ion, respectively, G(qj - ny) 
is the interaction potential of the electron j with the ion k and 
V(1Q; - q;j'|) is the interaction potential of electrons j and j'. 
In requantized form (1,1) becomes (Refs. 2 and 3): 
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Here Ug is an additive constant (ion energy); f are the numbers of 
the one-electron states; 6 is the spin variable equal to 11/2; aj,, aj. 


are Fermi requantization operators, L(f, f') and F(fifa;fjf3) are the 
matrix elements of the additive and binary parts, respectively, of 
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the operator (1,1) in the initial system ot single-particle functions. 
The matrix elements F(fjfo; fifg) include indirect exchange integrals. 
The indices of f run through three rows of different values: N/3 
tetrahedral inter-sites t1,+..,ti,...,ty/3, Occupied by Fet++ ions: 

N/3 octahedral inter-sites Tlo+++50i,---,%N/g, occupied by Fet++ ions 
and N/3 octahedral inter-sites Sl1,-+-++,8i,+++,Sy/3, Occupied’ by Met++ ~” 


ions. Further, let us introduce the condition of "quasi-homeopolarity": 


2iaietie= ts (1,3) 

(s) 
1.e€. assume that there is one electron participating actively in the 
ferromagnetism at each of the above-enumerated types of sites.* Uti- 
lizing condition (1,3) and Bogolyubov's perturbation theory (Ref. 3), 
we can effect a transition from Fermi-amplitudes to Bose- amplitudes 
of spin deviation (Ref. 6), it being assumed that the tetrahedral and 
octahedral inter-sites of the ferrite lattice form two magnetic sub- 
lattices, which in the ground state (O°K) are spontaneously magnetized 
to saturation: since the ferrite Sublattices are not equivalent 
(there are two octahedral inter-sites for each tetrahedral inter-site), 
the lattice as a whole will have a net Spontaneous magnetization dif - 
fering from zero (in contrast to antiferromagnetic lattices character- 
ized by equivalent Sublattices). 


As is known, the equations for transformation from Fermi opera- 
tors to Bose operators have the form: 
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(for tetrahedral inter-sites) (for octahedral inter-sites 
occuried by Fe*tt ions) 


an, 4 05,9 eats (1, 4") 
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(for octahedral inter-sites occupied by Mett ions) 


‘ This is, of course, an approximation since the Fett+t+ and Mett+t ions 
have a different number (in the general case = 1) of magnetoactive 
electrons. Furthermore, these ions have different electron config- 
urations. However, there is reason to assume that taking these fac- 
tors into consideration would have little effect on the final result 
of the calculations. In this connection we call attention to Ser- 
ber's article (Ref. 4) and the report by Kondoski and Pakhmov (Ref. 5). 
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where s is the spin quantum number of the ion, 
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are the spin deviation operators at Sites tj, r,; and 5,;, while 
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fice weak excitations of the system (near O°K), it may be assumed 
that 


f(t) =~ 1 (176) 


Effecting the transformation to Bose operators and making use 
of (1,6), instead of (1,2), we get 
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where Ho contains all terms independent of the 6 and ¢ operators, and 
By pele r ye Jsisy? Jtyry Jtisy’ Iris, 


are the exchange integrals between the corresponding sites in the 
sublattices and between the sublattices. 

Let us perform one more unitary transformation of the Hamilton- 
ian (1,7) and pass over to operators which are the Fourier components 
of the operators B and @: 
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Introducing abridged notation, we get 
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Then the energy Operator of the system (1,7), in the abridged nota- 
tion, will be 


H = Hy + SA, bb, + YB, 3,0, + Bybt ct 4.-SD tt 
a a a a (1,10) 


In order to find the energy spectrum of the elementary excitations 
(ferromagnons) the Operator (1,10) must be diagonalized. To this 
end we effect another unitary transformation, to Hermitean operators 
Q> By; Ra and 8): 

: De 2 . : 3 

b= re (QA+iP,), as vy (as + US,)- Claas? 


It can readily be shown that the transposition relationships for the 
new operators will have the form: 


Q, Py» — py, = fay, By Sy — Sy By = tay (1,12) 


Then the new operator (1,10) @ccurate to the additive constant) will 
be written 


1 1 4 A 
shaban eC ee Oy ic eg ae 
A iO PS) +5> Di hes), (1253) 
A A 


To complete the diagonalization of (1,13) we must carry Out a final 
unitary transformation to operators ain. PiA and Goa, Pon: 


Q;, =e (1 = ‘i ; (wont Yor), R, = (1 + w) (Cm 1. wr»), ) 


P, = (1 —w)7! (—w py + Pay): oe (1—w) (pet WP), ) (1,14) 


where the parameter w will be selected below. Substituting (1,14) 
in (1,15), we obtain: 
es ee, 
// = const 3 > (A, + Dy) + 5 


) 


e {((A,w? + D, + 2Byw) X 


AE Ee) aia (1 wy? Bil (dye Dao" +t BBin) 


as UO Dede ee oy w) * p,])}. (1,15) 


Thus, we have reduced the Operators of the electron System to an 

additive sum of the Operators of harmonic oscillators, which repre- 

sent the elementary excitations of the system: the ferromagnons. 
The parameter w is determined from the quadratic equations: 


w? + (A, — Dy) w — A, Da + BR =O. (1,16) 


The eigen-values of the energy operator (1,15) will be 
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Let us now find the dispersion law for ferrites, 
nection between the ferromagnon energy and the quasi-impulse ky. 
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are the corresponding nearest neigh- 


(2,2) 


(2,3) 


(2,4) 


2tt» Zts» Zrr, 26s? Zty and Z,. 
bor numbers. We introduce the following abbreviated notation: 
ine 2 = J 4+J7,U5+ 7 le)) 2+ 8’ =u, | 
3 = = Iu, sciad et | 
b= — = (2, J tr + 21s Sts), 2b(c —u) =d, | 
c= = tee i pes Frade: bas, (l ae a 
Then, instead of (1,17) we obtain 
; { : _ 
ff = const — 5 ey [ (et ae; eee (a,4,) V (uw? — C*) (a Ay)? + d] os 
- My, h 01, + yi Nay h Wo, 
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I ° cr : ——- a A 
On, = of [v(a,h,)2 + (4,43) V (u® — c?) (a,A)* + d|, | 
4 . : — 1 { 
te, = 5 [ ~v(a,A,)? + (4,4) (u* — ¢) (0,43)? + a].J 


Thus we see that the dispersion law in the case of 
different from this law for Ordinary ferromagnetics and 
magnetics. [It can be seen, however, that in particular 
dispersion equation (2,4) may become identical with the 
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and antiferromagnetic materials, Thus, in the case of Ordinary fer- 
romagnetics, when there are not two Sublattices (for instance, when 
Only tt type terms remain), we have « . 0O,b#0,c «= O, d= O and 
Deo o2Y and. hence, instead Oly (2.4) we get 


| 9 
OVS= a} u (a,A,)°, (2, 5) 


i.e., the law for ordinary ferromagnetics. 

In the case of antiferromagnetic materials the two Sublattices 
are equivalent and the interaction Only between the Sublattices is 
taken account of (Jey = Jts, while Jit = Jss = Jer = Jrs = 0); hence, 
LHC 2s 2). ec RT ey tay tee O and with ky, small, we Obtain instead 
Of (2.4) the familiar dispersion law for antiferromagnetics (Ref. 8); 


I 
O77 = Th Vd (a, hy), | 
i } 
Oo) = oh J d (a, Wy). | 


Thus, the Present analysis may be viewed as One of the Possible 


3. Let us now Calculate the temperature dependence of the spon- 
taneous magnetization of ferrites. To this end we must determine 
the phase sum as a function of the external magnetic field. To the 
energy of the System (1,17) must be added the energy in the external 
field (since we require this energy only to compute the spontaneous 
magnetization, it is permissible to neglect the internal magnetic 
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Here the values of A, and DA are determined, as previously, from 

B4i,9), while Byx1is independent of the field H. Substituting (31) 
in the expression for the phase Sum, 
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and using the conventional Calculations, we obtain 
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In order to evaluate the Spontaneous magnetization of ferrite we 


must determine the magnitude of un (2 In 4) » Which, in view of 
aH 


“ H=0 
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Utilizing (2,1) and the abbreviated notation of (2,2), invoking 


the assumption that the ferromagnon quasi-impulse is very small and 
going over from sums to integrals, as is commonly done in the theory 


of ferromagnetism, we obtain, instead of (3,4) the following expres- 


sion for the spontaneous magnetization: 
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where My = : 6@s is the maximum value of the magnetization and (La,)3 


is the volume of the Specimen. The integrals comprised in (3,5) are 
readily computed (see Appendix); hence, we finally obtain for the 
temperature dependence of the Spontaneous magnetization of ferrite: 
MilTye: M, {1.2 tf Py 

{(T) = M,[1—% ~aale) |: (3,6) 


s = 


where 


Two important conclusions may be drawn from (3,6): 

First, the temperature dependence of the spontaneous magnetiza- 
tion of ferrites at low temperature is different from that oF grdinary 
metallic ferromagnetics; to wit, instead of the well-known T / law 
holding for the latter, we find a T2 law for the former. 

From a judicious evaluation of the indirect exchange integral 
we have 


lo l~ 10726_10-28 erg; 
assuming that s~1, it follows from (3,6) and (3,7) that 
M,(T) = M, [1 4, 7%), (3,8) 


where Y; ~ 107% degree~? and Y2~10-4-10-6 degree-2. Equation (3,8) 


is in close agreement with the experimental data reported by Pauthenet 
(Ref. 7); specifically, the latter obtained the following temperature 
dependences for nickel (NiO-Fe503), cobalt (CoO’Fe503) and iron 
(FeO:Feo903) ferrites: 

M,(T)/M, =41—1,121-40-*.73, 


M(1)/M,y = 1 —1,576-10-*. 72, 
M,(T)/M, =1—8,26-10°7?.72, 
Only for manganese ferrite (MnO -Fe503) was the ordinary 73/2 law 


found to hold, i.e. Mg(T)/Mo = 1 - 5.75-10-5.73/2, 1t may be that 


for the last case, the lowest temperature used by Pauthenet (20.4°x) 
was not low enough. The magnitude of the numerical coefficients in 
the T* terms is in close agreement with the theoretically evaluated 
values for Y5 in equation (3,8). 

Second, in addition to the temperature dependent term, there ap- 
pears in our equation (3,8) a term Y,, Which does not depend on the 
temperature, and, hence, violates the simple additivity rule for par- 
tial magnetizations of ferrite sublattices (Ref. 8). It is apparent 
from the evaluation of this term, however, that the resultant depar- 
ture from the simple additivity rule is not great, which is also in 
good agreement with Pauthenet's observations (Ref. 7). 

Hence, the present development of the quantum-mechanical theory 
of ferrites may be regarded as an acceptable first approximation for 
a description of the magnetic behavior of ferrites in the region of 
low temperatures. 


Appendix: Evaluation of integrals comprised in equation (3,5) 
ee EE Pn equation (3,5) 


1. The first integral in the right member of (3,5) is 


_ (Lay)? 68 os a ah eae ee 
f eee (27)8 en V( — c*) (a,hy)* +d | ene ( 1) 

It can readily be seen that in the case of Ordinary ferromagnetic 

materials this integral is equal to zero. Inasmuch as we are inter- 

ested only in the case of low temperatures, we can neglect all terms 


in (I) with the quasi-impulse to the second power. Then, after inte- 
gration, we get 
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Further, bearing in mind that u<ilel, since the interaction between 
more remote neighbors is relatively weaker, using equations (2,2) 
and noeang that for typical ferrites with an invert spinel structure 
b2 = bg =V11/8 and 7%, = Ztr, we find that 


Bree ee (G56) 
Whence, we get 


8 by 


2. In the assumed approximation the second and third integrals 
of the right half. of (3,5) are equal in absolute magnitude but oppo- 
Site in sign. Consequently, their net contribution to the magneti- 
Zation is zero. 

3. The fourth and fifth integrals, to the same approximation, 
are also equal in absolute magnitude, but have the same sign. Hence, 
through elementary calculations we find 
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oO 
La;)3 eB C ki dk, 2INGBhe F 
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Replacing the gamma-function and the Riemann zeta-function by their 
respective values 2! and7T?/g, applying equation (II), and neglect- 
ing u («Icl/), we obtain 
I+ Te Moaparep (IV) 
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CERTAIN PROBLEMS CONNECTED WITH THE QUANTUM-MECHANICAL THEORY OF 
FERROMAGNETISM OF FERRITES AND ANTIFERROMAGNETISM 
Part III. The Antiferromagnetism of Transition Metals 
- A. A. Berdyshev and §. V. Vonsovski 


1. In transition metals the totality of their physical and 
chemical properties is determined not only by the valence electrons 
but also by the former inner electrons of the incomplete layers of 
the electron shell. Consequently, in constructing a multiple-elec- 
tron theory for transition metals it is necessary to take account 
of the existence of two groups of electrons, one of which primarily 
determines electric conductivity phenomena while the other affects 
the magnetic properties. An appropriate model has been suggested by 
one of the present authors (Ref. 1) and developed in Refs. 2 and 3. 
In the present paper the results of these investigations are extended 
to the case of antiferromagnetic metals of the transition groups. 

As has by now been clearly established, in metals of the transi- 
tion groups a strong electrostatic exchange interaction between the 
inner electrons, when the sign of the exchange integral is negative,’ 
leads to the appearance of antiferromagnetism (see, for instance, 
Ref. 4). Below a certain critical temperature 9 é (the antiferromag- 
netic Curie point) an antiparallel arrangement of the inner electron 
spins is established in the crystal lattice of such metals. The lat- 
tice may be broken up into a number (depending on the type of lattice) 
of "magnetic" sublattices, in each of which the spins of the inner 
electrons are parallel. In the case of a simple cubic or body-centered 
cubic lattice, this subdivision amounts to separating out two sublat- 
tices with antiparallel magnetization, so that the electron spins at 
each site of one sublattice are surrounded by antiparallel spins at 
the nearest neighbor sites of the other sublattice. In the case of 
a face-centered cubic lattice and lattices of other types, one must 
invoke a large number of magnetic sublattices. Neutron diffraction 
experiments (Ref. 5) have clearly confirmed the antiparallel align- 
ment of electron spins in antiferromagnetic crystals. For the transi- 
tions metals the existence of antiferromagnetism has been rigorously 
proved in chromium and manganese (Ref. 6). 


2. According to equation (6) from Ref. 2 and formula (2,6) from 
Ref. 3, the energy operator of a system of interacting inner and outer 
electrons in requantized form may be written 
i = i +. >, Ey nae ae pant ey aCe n,) ae ae es a ie ——- 
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k 7s Kt 
“a i 2 2 
kjk kk. 9,9 (3) 


where U, is the constant energy of interaction of the "Stationary" 
ions of the lattice; E, is the ordinary translational energy of a 
conductivity electron, J(p,, Mo) is the exchange integral relating 
to the two inner electrons at sites ny and Mo, /(k,,k,) is the exchange 
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integral relating to the inner and outer electrons; k, and k, are the 
quaSi-impulses of the outer electrons; Qn,o and 4k, are the Fermi opera- 
tors of requantization for the inner and outer electrons respectively. 
The matrix element F (k,,k,,kj,k,) determines the interaction energy of 


In deriving equation (1) we made use of the quasi-homeopolar approxi- 
mation for inner electrons (see equation (5) in Ref. 2 Or (2,4) in 
Ref. 3), i.e. assumed that there is always one inner electron near 
each lattice site. Here, in contrast to the case of ferromagnetics, 
discussed in Ref. 2, we will assume that the integral relating to the 
exchange between electrons is negative: J(n,,n.)<0 , since this is the 
necessary condition for antiferromagnetism (Refs. 4 and alex 

Let us assume that we are dealing with either a Simple or a body- 
centered cubic lattice. In this case the crystal lattice can be di- 
vided into two magnetic Sublattices with antiparallel spontaneous mag- 
netizations. To differentiate between these two sublattices we will 
employ the Subscripts n and m below. Let us replace the inner elec- 
tron Fermi operators in equation (1) by the spin-vector component 
operators) §%) $@ $@ (utilizing equations (5) and (10) from Ref. 2 
to this end). We obtain 
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Assuming that near O°K both Sublattices are close to magnetic 
Saturation,* we can effect another transformation of the energy opera- 
tor, expressing the spin component operators through Bose-amplitudes, 
according to the following equations: 
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* Strictly speaking, this should be proved; however, we have not 
succeeded in obtaining such proof. See Ref. 8. 
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where OP he, C8, Bete ie, Al are Spin deviation operators, S is the 
maximum value of the spin quantum number for a sublattice site and 


In the case of low temperatures (almost complete saturation of 
the sublattices) we can assume, with negligible error, that Se wits 
then (2) is simplified to 
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To bring the operator (5) to diagonal form we must apply another uni- 
tary transformation, from the Bose operators to Hermitean operators; 
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O, = (a) & el "Oy, | 
D = f a ; sa -iln P,, 
n pe] 
Ov) 5 | (7) 
Rn» = eS: Sy citm Ri, ne 
J 


ry = es —ilm 
mt \W ) Zi eR 


a ¥ 
; jhe 
{ 
~ 
a 
SS 
~ pe 
a 
> 
| 
f 


> 


Ste: 698 ed : 
wos Tea Cae Oee 
ato @t.. (40 Sanaa 


oa 


* 


a 

— = is 
> © 
a ae 


Then operator (5) will become 


HeH,+ Aa Hua+ A,, (8) 
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where °(ki—kj +1) are ordinary delta functions, taking account of the 
conservation laws relating to the quasi-impulses k; and 1; 


ee = Ey —1(k,, ky) (10) 


is the translational energy of the outer electron, allowing for the 
influence of the s-d exchange; 
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é ees - 
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is the number of concuctivity electrons in the (k, s)state; Y is deter- 
mined from the relationship 

Z 

4 wi (Kay) rele 
Cape aS re (11) 

e=1 
here, a is the lattice constant, Z is the coordinational (nearest neigh- 
bor) number; the summation in (ll) is limited to the nearest neighbors; 
J is the inner electron exchange integral for nearest neighbor sites. 

Let us isolate the diagonal part (k,=k,, 1,=1,) of operator (9b); 


1 2 ry2 ay near at: 
— Bg 2! (he be) (Qi + PH) — (RE + SD, (12) 
and introduce, temporarily, the following abbreviated notation; 
{ 1 : 
| ZIN, » I'(k,, ke) (Ms, 1— 7, 1). (13) 


Up to now only the isotropic electric interaction between elec- 
trons has been taken account of in the energy operator relating to the 


system; hence, the orientation of the resultant spin of the magnetic 
sublattices in the crystal remains indeterminate, i.e. spatial degen- 
eracy obtains. Actually, each lattice has one or more preferred axes, 
along which the spontaneous magnetization of the sublattices is aligned. 
The number and direction of these axes are determined by the internal 
magnetic interaction between electrons, participating in the exchange 
interaction. To remove spatial degeneracy we must introduce into the 
energy operator a term taking account of the magnetic interaction. 
Inasmuch as in the discussion below we are not interested specifically 
in the magnetic properties of antiferromagnetic materials, we can take 
into account the presence of magnetic interaction phenomenologically 
by introducing a magnetic anisotropy energy operator, in the form used, 
for example, in Ref. 8: 

H gous = —K (DSi + Sn"), (14) 
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where K is the effective magnetic anisotropy constant. Let us apply 
the transformation to operators (6) in equation (14) and introduce the 
notation: 


B= KS. (15) 


Using the first summand of (9c) and formulas (9a), (12), (13), 
(14), and (15) and temporarily dropping the Hp term, we obtain the 
following expression for the operator relating to the energy of the 
system, disregarding the energy of interaction between the outer elec- 
trons (see second summand in (9c)) and the non-diagonal part of (9b) 
(i.e. the s-d interaction): 
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To find the eigen-values of the operator (16), which are equal 
to the energy of the elementary excitations of the investigated system, 
we effect a further unitary transformation from operators 9), Pj, Rj, 
and $, to new operators 4,4, G21» Piz 2nd Poy: 
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The parameter W will be determined below. It can readily be seen from 
(17) that the operator $, from (16) will assume the form 
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We invoke the condition 
2(1+$)w+% (1+?) =0 (19) 


to determine W. From (18) and (19) it will be seen that we are deal- 
ing with energy operators of oscillators with natural frequencies of 


st 
ho, = ins gp” (20) 


Eliminating the parameterW with the aid of (19), we obtain the fol- 
lowing expression for the eigen-values of operator (16) (into which 
we replace H,): 
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here nj1 and Nol are the quantum numbers of the oscillators (antifer- 


romagnons), equal to 0, l, 2, 3,..., of the first and second magnetic 
sublattices, respectively. Let us isolate the terms in (21) corres- 

ponding to the operator (12); taking into account the abbreviated no- 
tation of (13), we get 
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Thus we see that, within the bounds of accuracy determined by 
the fluctuation of the numbers of antiferromagnons in the two equiva- 
lent sublattices, the energy fraction due to the s-d exchange inter- 
action is reduced to zero. Hence, to this approximation, we find 
that the energy of the system is equal to the sum of the energies of 
the two types of elementary excitations: of the conductivity electrons 
(the translational energy of which changed due to the s-d coupling - 
see equation (10): 

ay SKK, 
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and of the antiferromagnons of the two equivalent sublattices: 
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the energy of an antiferromagnon being equal to 
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From (25) it will be seen that when the anisotropy energy is 
vanishingly small (@+0), in view of (11), the energy of an anti- 
ferromagnon becomes 

Se et 
Be eee (26) 


Hence, the dispersion law is characterized by a linear dependence 
of the energy of an antiferromagnon on its quasi-impulse 1] in the case 
of the s-d exchange model of antiferromagnetism as well. 


3. Let us now proceed to an evaluation of the additional electric 
resistance of an antiferromagnetic metal, due to collisions between the 
conductivity electrons and the antiferromagnons. These collisions are 


described by equation (9b). We return to the Fourier operator compo- 
nents of the initial Bose-operators; invoking equations (6), we get 
Hy=Ag" + Ha’, (27) 
pete tO Ok, ky) fot a, a) 8 (kg— ky —I + 
4VSNq «ik, ky $ika 
+a, yay, 2(ke— ky +1) + CQ, 4 Oy, 42 (Ko— ky +1) + 
ter ay 2 ay 12 (ky — ky — l)}, (27a) 
HG = — ee . Ze I (ky, a) (8%, 1, = 1, 41,) (Qe, e.g 
—ay _ya, _ 4)8(k, —k, + 1:— 1). (27b) 


First, let us examine the effect ot inelastic collisions. Apply- 
ing standard operations (see, for example, Ref. 8), we obtain the 
kinetic equation for the conductivity electron number partition function 
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AS we saw under 2. above, the energy of a conductivity electron 
—, is not dependent on the orientation of its spin (to the order of 
accuracy determined by the fluctuation of the magnetization of the 
inner electrons in the sublattices); hence, all physical conditions 
for electrons with both orientations of the spin projection will be 
identical and we may assume that there is no spontaneous magnetization 
in the system of outer electrons and that 
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n =n = > Mlk 
k. i legen y 


where » is the sought electron partition function; nn, =(e"’—1): is 
the antiferromagnon equi-partition function, Ny, is the number of inner 
electrons of the crystal; the delta-function of the last term takes 
into account the law of the conservation of energy in collisions; e 
is the elementary charge and F, is the intensity of the electric field 


directed along the X-axis. We seek a solution of (27a) in the conven- 
tional form 
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and changing to a continuum in quasi-impulse space, we obtain for (28): 
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where 9 and? are polar angles in k-space and £6 and G are, respec- 
tively, the volume and number of the elementary cells. The conducti- 


vity electron equi-partition function has the usual form: 


nd =e ca \} (31) 
The maximum impulse of the antiferromagnons \l. is determined from 
the antiferromagnetic Curie point 6,3. Invoking the presence of the 


delta-function under the integral in the right-hand member of (30), we“ 
integrate over the angle 9, and obtain, instead of (30): 
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We seek the perturbation term of the electron equi-partition 
function in the form: 


Ye = ky (e,). (33) 


Substituting (33) in (32) and integrating over @, we obtain: 
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We seek a solution of (34) in the form 
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where, in this case, 


As a result of substituting (35) in (34) and simple transforma- 
tions, we obtain 
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Integrating over the energy Ey from - co to+ oo, we obtain for 
evaluating & (the terms with 7) drop out in the accepted approximation) ;: 
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where from formula (25) in Ref. 2, we have 
Ty, a(k, k +1) =a +8 (2h? + 12 + 2k1 cos 9, »); 


«and 6 are the s- and d-electron exchange integrals for a single 
lattice site and for two neighboring sites, respectively; we can 
neglect the difference between [Zi (k, k+1)/ and |/,(k,k+1))??  , since 
this is determined by corrections of the second order; hence, we 
finally obtain 
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for m = 2, 4, and the approximate assumption that 7 (k,k+1)/?~a, 
(Translator's note; Subscript ag = antiferromagnetic). 


From (40) it can readily be seen that the specific conductivity 
fraction due to inelastic collisions between conductivity electrons 
and antiferromagnons has the following temperature dependence: 


: as Ge) 7 a, Cabs (41) 


In view of the fact that one of the factors comprised in a, is 
the anisotropy constant #4, which is smgll, the dominant part in (41) 
may well be played by the term with T74. 

The fraction of the electric conductivity due to elastic collisions 
between the conductivity electrons and the antiferromagnons is readily 
evaluated according to the precedure outlined in our earlier work (Ref. 
3). We will not repeat the Calculations here but Simply note that 
their end-result shows that the temperature dependence of this compo- 
nent of the conductivity is given by 
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Hence, together both types of collisions give 
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It should be noted that the coefficient b, in (42) contains the mag- 
netic anisotropy constant @ and, consequently, at very low values of 
this constant the predominant role may be assumed by the T-© term. 
Thus, it may be predicted that the specific fraction of the electric 
conductivity of an antiferromagnetic transition metal in the case of 
strong anisotropy will be characterized by 


+(e). (43a) 


while in the case of very weak anisotropy (8 +0), 
nee TP \- T \-6 (43b) 
“warn ™%(a5) +A(op) | 


Unfortunately, the present state of the theory is such that we 
cannot give a reasonably accurate quantitative evaluation of the numeri- 
cal coefficients in the above conductivity formulas. Experimental data 
regarding the low-temperature variation of the resistance of the sub- 
stances in question is also lacking. We can only note that the tempera- 
ture law described by (43) differs substantially from the accepted law 
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for the "background" conductivity fraction (T~°). Where a comparison 
with the portion of the resistance due to electron collisions is con- 
cerned, this, as was shown in our earlier investigation (Ref. 3), 
varies with the temperature according to the following formula: 


— rar —3. 
0. 4,T* + d,T-*, 


hence, there is, in principle, the possibility of distinguishing it 
from (43). 

Despite the serious shortcomings of this investigation, - the im- 
possibility of obtaining a quantitative evaluation of the coefficients 
we feel that our analysis is of interest in that it indicates the po- 
tentiality of certain unique characteristics in the temperature depend- 
ence of the electric resistance of antiferromagnetic metals of the 
transition groups in the region of low temperatures. 
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A CONTRIBUTION TO THE THEORY OF ANTIFERROMAGNETISM 
- K. B. Vlasov 


AS is known, many materials designated as antiferromagnetic ex- 
hibit certain Specific characteristics. Thus, the temperature depend- 
ence of the magnetic Susceptibility of antiferromagnetics differs from 
the temperature dependence characteristic of paramagnetic substances, 
i.e., the temperature-susceptibility curve for antiferromagnetics has 
a maximum at the so-called antiferromagnetic Curie point To. Near this 
Point, too, anomalies are observed in the variation of the specific 
heat, the electric resistance, the thermal expansion coefficient and 
other attributes. To explain this phenomenon the hypothesis was ad- 
Vanced (and Subsequently confirmed by neutron diffraction experiments -. 
see Ref. 1) that there is established in antiferromagnetics at tempera- 
tures below T, a long-range order in which the magnetic moments are’ 
Oriented antiparallel to each other. 

The credit for the first step in developing the theory of anti- 
ferromagnetism belongs to L. D. Landau (Ref. 2). Further development 
of the theory of the magnetic properties of antiferromagnetics is due 
primarily to Néel (Ref. 3) and Van Vleck (Ref. 4) who utilized the 
molecular field method. In the present paper an attempt is made to 
develop the theory by the method of energy centers of gravity. 


1. We select the energy operator relating to the System in the 
form: 
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where H, is the electron kinetic energy operator, Hy is the energy 
operator relating to the electrostatic interaction 6f the electrons, 
Hz is the energy operator relating to the electrostatic interaction 
between the electrons and the ions of the lattice, H, is the operator 
relating to the energy of the magnetic spin-spin interaction, 6. is 
the spin operator relating to the q-th electron (Pauli matrix) , © rg: 
is the electron spacing and 'g—Ta(="g) is the distance between the q 
electron and the & ion of the lattice. 

In the case of antiferromagnetic metals the wave function Y of 
the system of interacting electrons may be taken in the form of the 
sum of the antisymmetric products of the atomic functions 9,(") . In 
the case of non-metallic antiferromagnetics, which are chemical com- 
pounds, the wave function will be more complex (it must include the 
wave functions of the non-metallic ions, as well as the wave functions 
of the excited states). As examples of the treatment of such more 
complex systems one may cite the calculations of Van Vleck (Ref. 43 
and Anderson (Ref. 5), based on the so-called indirect (super-) ex- 
Change concept. It is interesting to note that the final expression 
for the part of the energy depending on the magnetization, derived in 
these calculations, has exactly the same form as in the case where 
ordinary exchange interaction (rather than indirect exchange interac- 
tion) is assumed. Hence, there is reason to Suppose that taking into 
account the magnetic interaction in non-metallic antiferromagnetics 
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will lead to results qualitatively equivalent to those obtained in 
the case of metallic antiferromagnetics. However, this argument 
still lacks rigorous proof. 

Let us agree, then, that the wave function for a system of inter- 
acting magnetoactive electrons may be selected in the form of a sum 
of the antisymmetric products of the atomic functions. Then the mean 
value of the energy of the system FE =\WHW'd» will be (Ref. 6): 
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The numbers h,,---h, refer to the r lattice sites at which are 
located the electrons having "right" spin, whereas k,,---k,, refer to 


the u sites at which are located the electrons having "left" spin; 
Daaq' and a » are integrals representing the quasi-classical magnetic 


interaction, the integral I._._: represents the electric exchanye inter- 
action and the integrals J,,: and J*_, represent the magnetic exchange 


interaction and & is the part of the energy not dependent on the dis- 
tribution of the spins over the lattice sites. 

Equation (2) may be written in vector representation, according 
to Dirac: 
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Let us consider the lattice of an antiferromagnetic as being 
composed of two sublattices, magnetized in opposite directions; let 
us tentatively assume that of the N, magnetoactive electrons belong- 
Bee roetne first lattice r, have "right" spin, while of the No mag- 
netoactive electrons belonging to the second lattice ug have "left" 
Spin. This division into sublattices is not rigorous, since the mag- 
netizations of the sublattices and, consequently, the values of r 
and ug, as may be shown from the commutation relationship for the 
moment of momentum and the energy operators, are not integrals of mo- 
tion. However, Anderson (Ret. 5) has shown that the eruct energy of 
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the ground state must be Close to the energy of a System consisting 
of two sublattices. Hence, the errors associated with the approxi- 
mate description of the phenomenon, based on the introduction of the 
two-lattice concept, are apparently not as great as the errors involved 
in the use of the energy centers of gravity approximation for describ- 
ing the behavior of antiferromagnetic materials at temperatures below 
the Curie point. 

In accordance with the quasi-classical approximation, in our sub- 
sequent calculations we will regard the 24 variables not as operators 


but as unit vectors. Averaging over the various spin alignments, cor- 
into account the energy in the external magnetic field, we obtain the 


following expression for the part of mean energy of the system, depend- 
ing on the magnetization of the Sublattices: 
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type (6) integrals for the electrons of the first sublattice, of the 
second sublattice and of both Sublattices, respectively. 

Let us assume that all the atoms in the Sublattices are identical 
and that each is situated with respect to all the others in the same 
way aS any other. Then the double sums may be expressed through simple 
Ones, referred, respectively, to an arbitrary atom q', J"; 32 
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Let us now determine the angular dependence of the page terms. 
Q(*Q’) 
To do this we must consider the specific type of lattice involved. 
First let us examine the case of a tetragonal type lattice. Let us 
Orient the Z-axis in the direction of magnetization of the sublattices 
and tie our coordinate system xX, ¥, Z to the crystal axes; then 


qq’ | COS 7s: Zag" (9) 


Zag = COS 44" Loa t+ COS jy 
Substituting (9) in (8), carrying out the Summation, taking into ac- 
count the conditions of symmetry in accordance with which terms con- 
SE = = Z to the fi ower will cancel each other 
taining Xagq'> Yaq' and Zaq! e rst pow e. = er, 
considering the corresponding integrals containing Yaq' and z* | to be 
equal (the tetragonal axis is aligned with the xX axis), invoking the 


trigonometric identity cos?y, + cos” 7, = ] - cos?) and grouping 


the summands depending on and those independent of the angle yj, = 7; 
we obtain 
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where P, Q and R are the sums of the integrals characterizing the value 
of the electric and magnetic interaction, while P', Q' and R' are the 
Sums of the integrals characterizing the magnetic interaction of the 
electrons of the first, the second and both Sublattices, respectively. 


In the case of a hexagonal crystal lattice, we obtain expressions analo- 
gous to (10). 


2. To determine the free energy of the system we must evaluate 
the phase sum, which in this case is equal to 
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In this sum the predominant role is played by the terms for which m 
and m5 are close to the mean values my and m). Hence, the summation 
in af) may be removed and the corresponding means values m) and Mo 


Substituted for m, and Mg. Substituting (7) in (11) while taking into 
account (8) and cto, invoKing Stirling's formula, ln n! = n(ln n - Lo; 
and introducing mean values of the magnetizations of the sublattices 
y) = 28) /n, and yo = 2M5/No for the part of the free energy that de- 


pends on the magnetization, we obtain 
®(y,, Yo, H, 7) = —AT InZ =" eT (A + |y, |) NUL +] y,) + 
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In antiferromagnetics, the sublattices are equivalent, i.e. 
N2 = N) = N,/2, R = P and R' = P'. In the absence of a magnetic field 


and in the presence of negative exchange interaction between the sub- 
lattices, the sublattice magnetization vectors will orient themselves 
antiparallel (as will be seen below, a necessary condition for this is 
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(Po= Qe (P’ . Q") cos*¥y0Q), 1 ee = —- Y=) When Sara 9") ska, 
the minimum value of the energy occurs for = O (the sublattice mag- 
netization vectors cOincide with the direction of the tetragonal or 
hexagonal axis; this will hereinafter be referred to as the direction 

Of preferred magnetization). If (p' -— Q')< 0, the energy will be mini- 
mal for ~ = 900° (magnetizations in the sublattices aligned antiparallel 
in the plane normal to the tetragonal or hexagonal axis). 

In the presence of a magnetic field, oriented at any arbitrary 
angle to the tetragonal or hexagonal axis, the sublattice magnetization 
Own in Figure 1 (D identifies the axis 

and’ direction of preferred magnetization; 
the orientation of the field relative to 
this direction will be designated through 
the angle 8). The angles between the 
magnetization vectors and the direction 
of the field will be (YW -% 1) and 

(180 - Y-a@&.,), while the absolute mag- 
nitudes of tha vectors will change due 

to application of the field by (A YpDy 
and (A yoy ) i Bs 


ly: l= ly] + (Ay,)g & lye|}=l|y| —(Ay,)y. 


Fig. 1. Diagram Showing the Since the magnetic interaction energy 
relative positions of the Sub- determining the magnitude of the angle 


lattice magnetization vectors Yeu VY - is by some 3-4 orders smaller 
in an antiferromagnetic for a than the electric exchange interaction 
Given orientation of the ex- energy determining the angles a, and &, 
Sopa ea <i fe eh Neal and the increments (Oy))y and (A yo)y , 
mee ate 1 we can assume that the former will be 


Small compared to Y and the latter small 
compared to y; hence, to the first approximation we can take q@, = Hp = 
=X, (Ayyw= (Ayo)w =-Ay and Ay, — Ay, = “U~% . Then the expression 
for the free energy of the antiferromagnetic will assume the form 
ty + Ay) In (t + y + dy) + (1 — y— Ay) in(t —y — Ay) + 
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We find the equilibrium values for y,40Qy, & and Y from the minimum 
conditions: 


oO rt dtl (14c) 


OV e 


(14a) 


’ 


pe st eS ee 


dhy' (14b) oy (14d) 


ae ae 


Neglecting the Z@ and Ay terms in (14a), we obtain the following 
equation for the temperature dependence of y: 


1h 
y=tghy>, (15) 
where ; 
7, = (P-O+l — 2) 0s (} — f) (16) 


is the antiferromagnetic Curie point, above which antiferromagnetism 
Vanishes. 
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Neglecting a“ in (14b) and expanding In oe eo) into a 


series in Ay in the neighborhood of (1 + y) and(l - y), we obtain 
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Neglecting the Ay? term in (14c) and invoking (16) and (18), we 
obtain 
og — Hol sing 
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The magnitude of the resultant magnetization, in accordance with 
(17) and (18), will be given by 
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where 
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while the equilibrium value of Wis found from 
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which is obtained from (14d), if we neglect Ay2 and 2a2 and take 
into account (17), (19), (21) and (22). 


(Translator's note: In order to facilitate typing, X will be 
used as the equivalent of chi to denote the Susceptibility in the 


text below.) 


From (20) and (23) it follows that the dependence of the net 
magnetization on the field is non-linear. Hence, in the case of 
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antiferromagnetics, we must distinguish between the differential sus- 
ceptibility Xaitt and the full or total Susceptibility X|: 
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0 
In experimental work the quantity usually measured is the full 
Susceptibility, which from (25) and (20) equals 


Xn = Xj COs?) + x, sin? y. (26) 


The expression for the differential Susceptibility may be obtained 

either from the definition of (25) or by differentiating (20): 
a: 
X ae =X tH. (27) 

Equations (26), (21), (22), (24) and (15) determine the functional 
dependence of the full Susceptibility of an antiferromagnetic on the 
absolute magnitude of the magnetic field and its orientation relative 
to the crystallographic axes and On the temperature when T< Te- At 
T >To these relationships - with the exception of (24), are no longer 
valid, inasmuch as at these higher temperatures A y can no longer be 
considered small compared to y(y = 0) and, hence, the Susceptibility 
will obey the Curie-Weiss law 


Nu 
where @' is the paramagnetic Curie point, determined from 
66 —_ (P+ (29) 


k 


3. Let us analyze the significance of (26) in greater detail, 
turning first to the field-dependence of the susceptibility. Let the 
external field be applied in the direction perpendicular to that of 
the preferred magnetization, i.e. B = 90°. In this case, according 
to. (23) , for. all field strengths, Y = 90° and the full Susceptibility, 
from (26), equals the perpendicular Susceptibility as well as the dif- 
ferential susceptibility. 

Let the field be applied in the direction of preferred magnetiza- 
tion, i.e. B =O. In this case, according to (23), “= 0 when H < Ho 
and Y= 90° when H > Ho, where Ho is the critical field as determined 
from (24). Thus, according to (26) the full susceptibility Xy is equal 
to the parallel susceptibility X, when H < Hp; at H = Hy, Xy jumps to 
a value equal to the perpendicular Susceptibility X, and with H > Ho 
remains constant and equal to X,;- The differential susceptibility for 
the same field strength intervals will equal X,,O0, and X,;, respec- 
tively. 

Le any arbitrary orientation of the applied field, defined by B, 
the functional dependence of the full susceptibility on the field will 
be more complex: i.e., with jncreasing field strength X, will increase 
continuously from Xy= X, cos“B + X,sin28 at fields H< Hy to Xp = X, 
at fields H » H- The magnitudes of Xi and Hp in any given case will 
depend on'the temperature. When T 50 Ke X, > 0, Hp » Ho(O) and the 
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Substances as FeO and FeF5; specifically, according to the data cited in 
Ref. 11, at temperatures T >1/2T, the susceptibility in FeF,(0/T_=1.48) 
falls more rapidly with decreasing temperature than in Feo (8/7, < Aa 
even if the curves are shifted to intersect at O°K. However, it must 
be noted that in substances characterized by a relatively high magni- 
es of the art ratio, such as MnO (6/T, = 5) the prediction fails to 
ody 
AS noted above, the value of the critical field Should depend on 
the temperature. This conclusion is confirmed in the results of investi- 
gations of CuCl 9-2H90 monocrystals. Although this substance has a rhom- 
bic bipyramidal type structure, rather than a tetragonal one, it does 
exhibit a preferred magnetization direction and consequently one may 
expect qualitative agreement of experimental data with the dependence 
deduced from theory. Thus, according to Refs. 12 and 13, the value of 
the critical field, as expected, increases with the temperature: speci- 
fically, H, = 6500 oersteds at 1.57°K and 7460 oersteds at 3.02°K. How- 
ever, this increase is somewhat smaller than might be expected from the 
curve of Figure 2. 

Investigations of proton resonance in CuCl5°2H50, reported in Refs. 
12 and 14, make it possible to determine the temperature dependence of 
the mean magnetization of the ions from the magnitude of the splittings 
of the resonance lines, i.e., essentially to determine the magnetization 
of the sublattices; also, from the variation in Symmetry of the resonance 
line polar diagrams (variation of the resonance line frequency with the 
Orientation of the field relative to the crystallographic axes) it is 
possible to establish the antiferromagnetic Curie point with great 
accuracy. 

These experiments indicate that up to 4°K the observed temperature 
dependence of the magnetization is in close agreement with that found 
from equation (15), if we assume T, = 4.5°K. At higher temperatures 
the magnetization drops more sharply than predicted by equation (15). 
The divergence may, presumably, be explained by the influence of the 
short-range order. 

In Ref. 14 it is shown that the antiferromagnetic Curie point in 
CuC19°2H.,0 depends on the strength of the field applied during measure- 
ment: when the field is applied in a direction perpendicular to that 

of preferred magnetization, increasing the field from 0 to 9000 oersteds 
(H > H,) causes a drop of less than 0.002°C in the Curie point tempera- 
ture; when the field is applied in the preferred magnetization direction, 
increasing the field produces a marked change in a eyo) To = 4.33°K 


with H < Hy to Tg, = 4.29°K with H > Ho in conformity with the predic- 


tion based on the theory. 

The change in Curie point may be due either directly to the influ- 
ence of the magnetic field (see discussion in Ref. 15) or to the change 
in the orientation of the lattice magnetizations in a field equal to the 
critical one. 

According to Ref. 15, the critical field Hoy leading to destruction 
of the antiferromagnetic ordering at O°K in the substance investigated 
is Hor = KTc/Ho = 63,000 oersteds which is one order of magnitude higher 


than the critical field Hj producing reorientation in the lattice mag- 


netizations. Hence, there is reason to affirm that the marked alteration 
in the value of T, in fields approximating Hp is due to a change in the 
orientation of lattice magnetizations. 


ek ence 


From (30) and (24) it follows that the following relationship holds 
between the change in Curie point temperature Tc, the critical field 
at O°K,H,(0), and the perpendicular susceptibility: 
NkKAT, 
a Ga 
Substituting the value of the perpendicular susceptibility 170-10-6 
measured at T ¢ T, (Ref. 10) in (31), we obtain H)(0O) # 10,600 oersteds. 
The perpendicular susceptibility can also be evaluated from the Curie- 
Weiss law (28) by substituting the experimental values @' = _5°K and 
T = To = 4.3°K therein. In this case, X, = X(Tg) = 280-10-§ while Hy (0) 
from (31) equals 6450 oersteds. In both cases we obtain satisfactory 
qualitative (and in the latter case, also, quantitative) agreement of 
theoretically predicted with experimental values. However, it must be 
noted that the reason for the disparity between the two computed values 
for the perpendicular susceptibility is, as yet, not clear. 


Hy (0) = (31) 


5. In conclusion, the principal results of our calculations may 
be summarized as follows: 

1) There has been deduced an expression for the susceptibility of 
antiferromagnetic monocrystals, taking account of the susceptibility 
anisotropy, for the region of relatively high temperatures (up to the 
antiferromagnetic Curie point). 

2) There has been obtained an expression for the temperature de- 
pendence of the criticalfield, above which this anisotropy should 
vanish. (Author's note in preparing the manuscript for publication: 
Ref. 16 appeared subsequent to the presentation of this report at the 
Conference on Magnetism; the authors derive an equation identical with 
(24) and cite experimental data confirming its validity.) 

3) There has been deduced an expression describing the anisotropy 
of the antiferromagnetic Curie point. 

4) It has been shown that a well-defined relationship exists be- 
tween the square of the critical field measured at O°kK, the magnitude 
of the change in the Curie point temperature in a field equal to the 
critical field and applied in the direction of preferred magnetization 
and the value of the perpendicular susceptibility. 

5) It has been shown that the character of the temperature depend- 
ence of the susceptibility and the critical field should vary with the 
magnitude of the ratio of the paramagnetic to the antiferromagnetic 
Curie point. 

6) It has been shown that the susceptibility anisotropy, the criti- 
cal field and the Curie point anisotropy are determined solely by the 
dependence of the energy of the antiferromagnetic on the orientation of 
the elementary magnetic moments relative to the crystal axes, which, in 
turn, is determined by the quasi-classical magnetic and exchange inter- 


action. 


Fig. 3. Comparison of experimental 
curves of the temperature dependence 
of the parallel susceptibility for 
MnF, (Curve 2) and FeF., (Curve 3) 
with the theoretical curve (Curve 1). 
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ROTATION OF THE PLANE OF POLARIZATION OF CENTIMETER WAVES BY A FERRITE 
DISC - K. M. Polivanov, Ia. N. Kolli and M. B. Khasina 


The rotation of the plane of polarization of centimeter waves by 
longitudinally magnetized ferromagnetic materials 1S generally analo- 
gous to the Faraday effect in the optical wavelengths, but differs from 
the latter 1) as regards intensity and 2) in that, in the case of micro- 
waves, the thickness of the rotation-producing layer may be of the same 
order of magnitude as the wavelength. 

Rotation of the plane of polarization can find a number of applica- 
tions in microwave technology, for example, in the design of current 
actuated antenna switches, modulating and controlling the radiated power, 
isolating a generator from waves reflected by the load, etc. (Refs. 1-4). 
Investigation of this effect may also be helpful in gaining an under- 
standing of the physics of magnetization processes in high-frequency 
fields and in the development of new magnetic materials. 

In the investigation covered by the present report we observed the 
rotation of the plane of polarization produced by Grade 0-400 nickel- 
zinc ferrite* and deduced the fundamental equations for a simple system 
(plane wave in an infinite plate of finite thickness), equations which 
permit determining the possible effect of a number of factors, not always 
taken into account. 


Experimental Procedure 


ee eee 
The experimental set-up employed was an analog of the Faraday opti- 

cal system and was Similar to the set-up described by Hogan (Refs. 1 and 
2). Two rectangular waveguides were joined by a transition piece, the 
center section of which was a circular waveguide containing the ferrite 
disc. The ferrite disc was held in a special mount (Fig. 2), inserted 
at the middle joint of the circular waveguide. The mounting permitted 
rotating one of the rectangular sections relative to the other, with 
provision for accurate reading of the relative angle. The circular 
* The authors are indebted to the laboratory headed by N. N. Shol'ts 

for preparing the specially shaped specimens of ferrite used in the 


investigation. 
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Fig. 1. Schematic sketch of two Fig. 2. Ferrite discs inserted in 
rectangular waveguides separated central section of the circular 
by a transition piece comprising waveguide. 


a circular waveguide section; a - 
angle of rotation of one rectangu- 
lar waveguide relative to the other. 


waveguide was surrounded by a coil to magnetize the ferrite disc ina 
direction parallel to the axis of the waveguide. 

The cross section of the rectangular waveguides was such that it 
would support only TE modes, with the E vector directed perpendicular 
to the long side of the section. Suitable devices were inserted in 
the transition sections to absorb other modes. 

The angle of rotation of the plane of polarization was measured in 
the following manner. A linearly polarized wave entering the circular 
section from the waveguide coupled to the oscillator, changes its angle 
of polarization and in passing through the ferrite disc is transformed 
into an elliptically polarized wave (see discussion below). A detector 
located in the second rectangular waveguide is connected to a suitable 
measuring instrument, by means of which the electric field strength in 
this second waveguide could be measured. As the second waveguide was 
rotated relative to the first, the indications of the instrument varied, 
reaching a maximum when the linearly polarized wave coincided with the 
major axis of the polarization ellipse. When the rectangular waveguide 
was turned +90° from this position, the reading of the instrument reached 
a minimum; at this point the transmitted wave corresponded to the magni- 
tude of the minor axis of the polarization ellipse. The ellipticity of 
the waves leaving the ferrite disc can be determined from the ratio of 
the field strengths at the two positions of the waveguide. The ellipse 
of polarization may be characterized by the ellipticity in decibels: 


E 
d = 10 log _max 
min 


where E..4x is the electric field intensity along the major axis of the 
ellipse and E,j, is the intensity along the minor axis. Obviously, in 
accordance with this definition, true circular polarization will be 
characterized by d = O, while linear polarization will be characterized 
by d ~»0o . For an ellipticity d = 20 db, the ratio of the field inten- 
sities in the two mutually perpendicular directions (in one of which the 


intensity is maximum) will be equal to 100. 


aoe) ee 


Test Results 


The principal experimental results - in the form of the variation 
of the angle of rotation of the plane of polarization with the magnetic 
field strength - are shown in Fig. 3. 

An analysis of these results shows that the dependence of the angle 
Of rotation on the thickness of the discs is non-linear: the ratio of 
the angle of rotation for the 10.5 mm thick disc to that for the 7 mm 
thick disc is 1.64 + 0.03 at a frequency of 3040 mc and 2.0 +t 0.1 ata 
frequency of 2560 mc, whereas the ratio of the two thicknesses is 1.5. 
The decrease in the angle of rotation at lower frequencies may be ex- 
Plained by a reduction of the effective electrical length of the disc. 

Figure 4 shows the dependence of the ellipticity of the polarization 
On the magnetic field. The decrease in ellipticity with increasing field 
strength is evidence that one of the circularly polarized components 
approaches gyromagnetic resonance. 
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Fig. 3. Dependence of the angle of Fig. 4. Variation of the ellipti- 
rotation of the major axis of the city coefficient d with the flux 
ellipse of polarization on the density at the surface of the discs: 
strength of the magnetic field par- 1) curve for disc of thickness 
allel to the waveguide axis. Ab- b = 10.5 mm; 2) curve for disc of 
scissa scale - mean values of the thickness b = 7 mm. 


flux density at the surface of the 

discs. Curves 1 and 2 are for the 

10.5 mm thick discs at frequencies 

of 3240 and 2560 mc, respectively. 

Curves 3 and 4, same for 7 mm thick 
discs. 


Rotation of the plane of polarization by a plate of 
infinite extent an inite ickness 


Let us analyze the case of a plane wave being propagated in the 
direction of the Z-axis through a plate or slab of finite thickness b, 
bounded by parallel walls, normal to Z. We assume the static magnetic 
field to be directed along the Z-axis. This field Bo = Bz produces 
magnetic gyrotropy of the medium. 

Using the conventional method of complex quantities, the relation- 
ship between the varying components of the induction and of the magnetic 
field strength can be described by the following equalities: 

- Woe iu fl: | a) 
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where and uy are complex permea- 
bilities; their imaginary components 
Characterize the losses present; uy, 
may be termed the gyrotropic permea- 
reat & Ho is a constant, equal to 
4-10-% H cm-l in practical units. In 
converting from complex quantities to 
instantaneous values, we assume, in 
conformity with the usual rules, that 
the instantaneous value is obtained 
as the real part of H, = H,eJ*™* multi- 
plied by eJ“t, i.e., that 


Fig. 5. Diagram for determining H(t) = Re (H, ei) = H, cos (wt + 2 
the direction of the principal be «(4 0 (Hse!) = Hx cos (wt + %s), (2) 
axes of the polarization ellipse ere ae 

P P 2H. (t) = Hee + ne", (3) 


(x',y') for any given complex 
components of right and left cir- 
cular polarization (Ey+ and Eft) 
(a is the spatial and b is the 
temporal complex plane.) The ar- 
guments of the corresponding com- 
plex quantities indicate the phase 
at the initial instant (t = 0). 


The asterisk * indicates a complex 
conjugate quantity. 

In considering a plane wave, 
having components H and E lying in the 
plane X,Y (Fig. 5), it is convenient 
to regard this plane as a complex plane 
‘ and represent the vectors as complex 
a ee eee rere oe, vee vec- quantities. In this case the instan- 

taneous value of the vector may be 
Spatial plane (a). represented by an equation of the form 


H(t) = H.(t) + iff, (0, (4) 
which does not preclude the possibility of expressing the instantaneous 


values through complex numbers in accordance with (2) and (3). Thus, 
4 58x — JPY h 
if Hy = Hye and y Hye » we have 


Ai He! 4p poe i+ H, [eiottey enlettey) (5) 
Or after appropriate grouping of the terms: 
H() = Hye’ + ype it , (6) 
where : . ‘ . os. si 


are the complex amplitudes of the right and left circularly polarized 
waves; they coincide with the corresponding components of the space 
vectors at the initial instant (t = 0). 

From equation (7), it is clear that the time-dependence of the x 
and y components can be expressed in terms of ordinary complex quantities 
according to the equations: 


HY = Ht + Hy et and iy = At — H ‘left’ (8) 


It must be emphasized that in the expressions for Ay and Hy the 
argument is equal to the phase only at t = O and does not reprexent 
the angle of rotation of the vector in the X,Y plane. | 

The sinusoidally varying magnitudes of the magnetic-induction, 
electric-field-intensity and electric-displacement vectors can be rep- 


resented in the same fashion. 
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Thus, from (1) and (7), we find 


Bit = (qe oa tty) fy Het and Birt = (" (tr) fo rape (9) 


Applying Maxwell's equations to the vectors of an electromagnetic 
field in a gyrotropic medium (we assume that as regards electrical pro- 
perties the medium is isotropic and characterized by a complex dielec- 
tric constant &) and resolving the vectors into components with left 
and right circular polarization, we obtain 


jr Or 
q“Hyt a: : aH} rt oe 
cena: Arh eet oe 
where . 
vA ae i= Ve (p + ftr) = U2 + 31,0. 8 
‘0 


The symbol ~~ in (10) designates the conjugate value of the corres- 
ponding complex variable; i.e., 


ae i= Ve - eS (12) 
The solution of (10) is obviously 
Hyft = Ayetz a Bem, | (13) 


The first and second terms on the right in the last equations are 
readily interpreted as the magnetic field vectors of waves propagated 
in the - or + direction along z and, accordingly, right or left circu- 
larly polarized. 

From Maxwell's first equation we can readily find the expression for 
the vectors of the electric field intensity: 


E = i”, (Ayer? — Bye), 
os te AES (14) 
Eift = {Co (A,e"* — Bye); 
here 
fut (L,. 
“23 = 42°Ox arcs (in ohms) (15) 


Equations (12) and (15) show that both the propagation constant 
and the wave impedance in a gyrotropic medium are different for right 
as against left circularly polarized waves.* 

In investigating the propagation of electromagnetic waves ina 
gyrotropic medium it may be advantageous to use the mean (in time) 
value of the Umov-Poynting vector, expressed in terms of the right and 
left polarized components introduced by equations (5), (6) and (7): 


Yz = Im (Erthre + Efe etirt) (16) 
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* The fact that the wave impedance, too, is different is often forgotten. 
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field dependence of the full susceptibility conforms to the relation- 
Ship deduced by Neel (Ref. 3). 

We now turn to the temperature dependence of the full suscepti- 
bility. In the case of weak fields H « Hy, Y= 6 and the temperature 
dependence of the full susceptibility, as given by (25), is wholly 
determined by the temperature dependence of X, and X,. In the case 
of strong fields (H > Ho), X7 = X,- 

The perpendicular susceptibility, according to (23) should not 
depend on the temperature, while the parallel susceptibility, according 
to (21), should increase with increasing temperature from O at T = O°K 
to X) = X, Rees = (Ts 

This last conciusion is in accord with deductions based on the 
theory of Néel and Van Vleck (Refs. 3 and 4). Moreover, as it follows 
from (21), the form of the T - X, curve should be determined by the 
magnitude of the ratio of the paramagnetic Curie point @' to the anti- 
ferromagnetic Curie point Tg; the smaller the ratio, the steeper should 
be the gradient of the curve (slope relative to the temperature axis) 
near Tc. 

The dependence of the differential susceptibility on the field or 
temperature can readily be determined from (27) and the corresponding 
dependence of Xq- Obviously, Xgirf¢ > Xq, Since in the range of field 


Strengths in question (i.e. fields for which the conditions Ay € y and 
XK Ware satisfied), X, > O anddx/dH D O. 
According to (24), the value of the critical field Hy should in- 


crease with the temperature, from iO at T = O°K to 
AL 
4 3 6 i Ie 
Hy (Pe) =|3 (1+ +)| H,(0) at T= T,. This increase should depend on 
the magnitude of the ratio 6/T,. The variation of the relative criti- 


cal field Ho/H)(O) with the relative temperature T/T, predicted by 
theory for the case when ® = T, is shown in Figure 2. 


An important conclusion that may be drawn from 


Mo the above calculations is that, according to (16), 
(0) the antiferromagnetic Curie point should depend 
58 on the magnitude of the angle between the direc- 
46 tion of magnetization in the sublattices and the 
direction of preferred magnetization. 
{4 In this connection it must be noted that in 
12 the case of ferromagnetic materials the concept 
: of a Curie point has validity only when the ex- 
12 re ternal field H = 0, since in such materials the 
bs dil aren, field establishes a ferromagnetic ordering above 
ba the Curie point as well; in the case of antifer- ~ 


romagnetics, On the other hand, the external field 
Fig. 2. Variation of cannot establish an antiferromagnetic ordering. 
the relative strength Hence, it is meaningful to speak of an antiferro- 
of the critical field magnetic Curie point not only when H = O but also 


with the relative in the presence of an external field (generally 
temperature as pre- speaking, a relatively weak field for which the 
dicted by theory. conditions Oy € y and & K« ¥ are fulfilled, 


Since with stronger fields destruction of the anti- 
ferromagnetic ordering by the field is possible). Accordingly, the 


effect of the direction of magnetization on the Curie point may be 
evaluated as follows. Assume a field applied in the direction of 
preferred magnetization (8 = 0). In this case if H < Ho, then Y= 0 


ye Te ' 
and the Curie point, according to (16), equals ya = = Q)+ (P" =a 
if H>H,, then Y= 90° and To, = peer i.e., the antiferromagnetic 
Curie temperature should be reduced by 
AT ee T lies Tish eta oes) (30) 


In the case of polycrystalline materials in a field H > H, in- 
stead of a Curie point, it is more correct to speak of a Curie tempera- 
ture range Te) NS Too? within which the differently oriented crystals 


gO Over into the antiferromagnetic state at different temperatures. 


4. Let us compare the functional dependences deduced above with 
experimental data. 

First, it must be noted that we cannot expect close quantitative 
agreement inasmuch as the method of energy centers of gravity is valid 
essentially only in the region of temperatures above the Curie point 
and applicable only with certain reservations in the vicinity of the 
Curie point. Moreover, the subdivision of antiferromagnetics into mag- 
netic sublattices near the Curie point may be less legitimate than such 
Subdivision near absolute zero. However, bearing in mind that in the 
case of ferromagnetics theoretical functional dependences deduced by 
the method of energy centers of gravity are in fairly close agreement 
with experimental data, we may reasonably expect at least satisfactory 
qualitative agreement in the case of antiferromagnetics. 

The temperature dependence of the parallel and perpendicular sus- 
ceptibility is given in Ref. 7. Figure 3”°shows comparative curves for 
the theoretical dependence of parallel susceptibility (dash line) and 
the experimentally determined dependence for MnF5 and FeF,. The agree- 
ment is fairly satisfactory, particularly in view of the considerations 
Outlined above. The perpendicular susceptibility according to the same 
investigators (Ref. 7) increases in MnF5 and decreases in FeFy with de- 
creasing temperature, whereas theory predicts that X, should remain 
constant. The discrepancy may be due to inadequacy of the theory or 
it may be due to the fact that the investigators themselves measured 
only the difference X, - X, and obtained the temperature dependence of 
the two susceptibilities by computation, utilizing data on the resultant 
susceptibility in a polycrystal reported by other authors (Refs. 8 and 
9), which procedure could lead to erroneous results. In fact, this is 
not improbable Since other investigators (Ref. 10), who measured the 
perpendicular susceptibility in CuCl,°2H50 (T, = 4.3°K) directly, showed 
that X, is virtually temperature independent. These investigators also 
report that, with fields H > H,, the susceptibility measured in different 
crystallographic directions becomes equal to X,, which is in accord with 
the theory. 

The prediction of the theory that the form of the temperature de- 
pendence curve of the parallel susceptibility (and, consequently, for 
polycrystals, of the resultant susceptibility, as well) is determined by 
the magnitude of the ratio 0/T, is confirmed experimentally for such 
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* See page 45. 
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In particular, application of this expression to the solutions (13) 
and (14) confirms the interpretation of the right and left polarized 
components as being proper to the direct and return waves, respectively. 
Returning to our problem of the rotation of the plane of polariza- 
tion by a plate of infinite extent and finite thickness b (Fig. 6), let 
us subdivide all space into three regions, where regions I and III are 
filled with air, while region II (the plate) is filled with a gyrotropic 
medium. Having written the general expressions for all the components 
of the electric and magnetic field intensities, let us specify continuity: 
of the corresponding components at the surfaces of separation. This is 
the commonly accepted procedure in solving the problem of the refraction 
or reflection of plane waves in an isotropic medium. The distinguishing 
feature in our case is that in a gyrotropic medium (region II) the 
values of the wave impedance and of the propagation constant differ for 


right and left polarized waves. 
In the table below, we give expressions 


for all the components, comprising in all 12 

: constants (parameters). Obviously, from the 
a conditions at the two boundary surfaces we 
can derive eight equations. Consequently, 
for the solution of our problem (if the para- 
meters of the medium and the thickness of the 
plate are known) we must be given the values 
of four constants. These values are determine 
by the specific attributes or conditions of 
the system. The conditions closest to those 
obtaining with the set-up described above are 
the following. 


Fig. 6. Diagram for the In region I, we have a known direct (in- 
determination of the ro- cident) linearly polarized wave; its amplitude 
tation of the plane of at the surface of the plate (z = O), 
polarization by a plate A : oe ° 

of infinite extent and bey Sela, FE = i ea ee {17) 


finite thickness bd. 
can readily be related to the field intensity 


produced by the oscillator. To do this, however, we must know the con- 
ditions of excitation of the waveguide and the value of the x component 

of the return (reflected) wave, characterized by the parameters Ry and Ro 
These are readily expressed through the constants P. 


Components of the electromagnetic waves in the three regions 
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In accordance with the excitation conditions, the direct wave has 
no y component in region I, i.e., 


Ey,4 =—,(P, + P2) = 0. (18) 


Since we are free to select the initial instant, we can, from 
(17) and (18), set 


+ : ; * 4 * 
Pl = —P,=P=5 Ey= 5 Ho. (19) 


We note that condition (18) does not imply the absence of a reflected 
wave with a y component; however, the absorbing device inserted in the 
transition piece between the waveguides absorbs this wave without re- 
flection. 

Applying the boundary conditions separately for the right and the 
left polarized components, we obtain the sought system of equations. 
Thus, for continuity of & and H at the boundary between regions I and II, 
we have for the right polarization components 


p— hk, =% (F, — G)), ; 
ae ae (20) 
P+ R= F,+ G,, 

where 

t 


a eB 
ra ecard (21) 

For a complete solution of our problem, we must know the conditions 
at the end of region III, which would enable us to establish the rela- 
tion between A, and B), and Ag and Bz, Such conditions might be those of 


a short circuit (Ej,,;4 = Ert = 0) at a known distance from the surface 


of the plate, the absence of the reflected y component of the field in- 
tensity together with a short circuit at a known distance for the x 
component, or other conditions consonant with the design of the experi- 
mental set-up in question. In the following example, we will assume the 
absence of reflected waves: 


B, = Bp = O (22) 


In this case at the boundary between regions II and III, where 
z = b and z3 may conveniently be taken equal to zero, we have the fol- 
lowing conditions for the components with right polarization: 


A, = z (Fev or ts Ger, 


: ‘ : Zo 
A, = (Fem? + Gen). (23) 
From these equations we can readily find 
ee ea and (eg a (24) 
1 201 
and from (20) 
2P=(14+G)F, + (1—G)G,. (25) 


Substituting the values of Fy and G, from (24) in (25) and trans- 
posing as necessary, we get 
. — i20,C8P 


= — ie A —— oo ee ———_—__—___——, 
rt “45 (05 se Ge) sh 0 ar 20150 ch 16 (26) 
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Analogously, for the left polarization, we find 


e : — i2%,¢2 Pp 
mph OY eo een eres bane 
Ea rt i (¢2 + tS) sh 2b +- 20050 chy2b (27) 
Now let e ‘ e ® 
Et = E\e ct and Ey ft = Ene‘ (28) 


In this case the major axis of the ellipse of polarization of the 
E(t) vector is rotated through an angle 


4 
@= > (nm + m) (29) 

relative to the X-axis, lying in the plane of polarization of the in- 
cident wave. The ratio of the major to the minor axis of the ellipse 
is K af | Os 4. EF. 4 

Sea (30) 
the ellipticity (in decibels) 

d = 10 log K (31) 

The above assertions are readily verified: taking a new system 

Of coordinates in which the axes x' and y' are displaced by © relative 
to the x and y (Fig. 5), we find that in the new system 


= F ei(,—6) — : (2S) 
EL 1 € Exe 


Bx Bagi =i (>) So 
1 ee se > a 
Consequently, according to (8), in this new system 

RO 0 ON ere 

Bowes Gee G5e—) | (33) 


We note again that the arguments of (33) represent the phase only 
at the initial instant (t = 0) of the corresponding sinusoidal functions 


Ey (t) = (E, + £,) cos (1 + ae) 
2), (34) 


Ey ()=(E,— E,)sin(ot + © T 


The deduced expressions for Ey, and Eift characterize the depend- 


ence of the rotation of the plane of polarization on the parameters of 
the medium G,,and97,, and on the thickness of the plate. This dependence 
is rather complicated and cannot be expressed Simply in terms of a 
numerical constant, dimensioned in degrees rotation per centimeter path 
length through the gyrotropic medium. 

That is, a numerical value can be derived for any particular case, 
but it will be determined not only by the properties of the plate (disc) 
but also by its thickness. The above treatment of the problem shows 
that in the general case the rotation of the polarization also depends 
on the conditions obtaining in front (region I) and back (region III) 
of the plate. 

In some cases the effect produced by changes in the "in front" 
and "in back" conditions is scarcely noticeable either because the newly 
reflected waves are comparatively weak or because the resultant adjitional 


rotation is virtually the same for both the i and OE vectors. 


Thus, in the experiments referred to above, changes in the position 
of the short-circuiting piston produced no apparent difference in 
the results. 

From our solution of the problem it is obvious that the waves 
propagated through the plate are elliptically rather than linearly 
polarized; pure rotation of the plane of polarization will occur 
only in the case where the moduli of A, and A, are equal. 


In the case of a feeble gyrotropic effect, such as is observed 
in paramagnetic materials in the form of Faraday rotation, the last 
condition is virtually satisfied. Thus, for paramagnetic media with 
a low value of gyrotropic permeability, we can assume 

(2h =s,, 
i, & ia, = 1 (% — 4), (35) 


12 © — ing = — i (ay + 6). 


Then, from (26) and (27), we have 
eae Peter El | 


rt 2 


t 


if (au +0)0-+ e) (36) 


Obviously, with the above values of B., and E,,, we will obtain 


a linearly polarized wave with the plane of polarization rotated 
through an angle Ob relative to the plane of polarization of the 


tot 


incident wave (Py =~ Poge P). Multiplying Eee by e and E by 


— lft 
ao! 


,» we obtain a vector quantity (in the complex plane) represent- 
ing the instantaneous value of the electric field intensity at the 
plate boundary ard in region III: 


r i (o—a,b—=) *, S i (cr—a,b -*) : 


. —_____— ¢ith = FE, cos (wt — to z) em, (37) 


E (7) = (,P 


This vector will always be directed at an angle @b relative to the 
X-axis and, hence, the rotation of the plane of polarization, in this 
case, will be directly proportional to the thickness of the plate. 
Obviously, 9 is an algebraic quantity and the angle of rotation can 
be negative as well as positive. In particular, when the direction 
of the magnetic field is positive (Bp = Bz = const), H, is positive 


and the angle &%) =) - @>%2 =%+ @ as follows from (11). 


Moscow Energetics Institute Received 
Imeni V. M. Molotov 16 May 1954 


Bibliographic References 
C.L.Hogan, Bell System Tech. Journ., 31, 1 (1952). 
. C.L.Hogan, Rev. Mod. Phys., 25, 253 (1953). 
F.F 


.F Roberts, Journ. de phys. et rad., 12, 305 (1951). 
. N.G.Sakiotis & H.N.Chait, Proc. IRE, 41, 87 (1953). 


ey 


\, ee 
jae ba 


,. od a e on ), ts 
Peg ; ooytve er view 
2 ? : bad oe noe wiry : : 
: = a 7 ” r , P 
644 ai oc @ re e6@e Be pasture yun « ne - 
ses eo -= Ove ovate GER egaetes sage rie > 
mos i> 12 £0 of 7 » Bete tise i ta] 
eeu O16 "st Cod =a ft F Gissy e269 ors of giame 
—_-. Gea isso: ih Ge > Sib s @ S e6e2 GES Oi ~ 
4. Lee Tene" 2 = pe. 746 cg ata a 
aa 78 a ae | : 4 6 4G 4 ¢ @s wsled : 
= eee. = 2 — ae ae 2 7 bl > ae ous 
a? 
4 7 
eo 
- 
- —a 
= ~~ | 
ioe i 
wie 0£4@ : 
Sasgedlion eos 
(gnsme! a 
Sf px - 
» ©@ fiec —— 
> @i 
= Ss 
- 
a> ¢ 
, — ' 
; ‘ 
7 
: . 


ON MEASURING PARAMAGNETIC RESONANCE ABSORPTION BY THE STANDING WAVE 


METHOD IN THE CENTIMETER WAVE BAND - N. N. Neprimerov 
1. Theoretical Considerations 


Paramagnetic resonance absorption has been the subject of numerous 
Studies in recent years; the two methods commonly employed in investi- 
gating absorption are the one based on measuring the power of waves 
transmitted through a resonance cavity containing the investigated sub- 
stance and the method based on measuring the power of the waves reflected 
from the substance. In addition to these two, there is yet a third 
method, based on measuring the parameters of standing waves in a wave- 
guide. This method was suggested by Birks (Ref. 1) for the study of fer- 
romagnetic resonance and was Subsequently perfected by Lazukin (Ref. 2) 
and Shekhtman (Ref. 3). The principal advantage of this method is that 
it permits determining a rigorous theoretical relationship between the 
investigated characteristics of the substance and the measured parame- 
ters of the rf network. Thus, if we consider the plane, monochromatic 
wave transmitted through the waveguide together with the wave reflected 
from the short circuit in front of which is located a layer of the sub- 
stance being investigated, we can deduce a general expression for the 
dependence of the complex dielectric constant and magnetic permeability 
On the displacement of the minimum A and the voltage standing wave 
ratio r. We will not reproduce the general expression here (see Refs. 
2 and 4), but will only give the formulas derived for the imaginary and 
real parts of the complex magnetic susceptibility X = X' - j X",* for 
the particular case when it is permissible to neglect the quadratic 
terms relating to X and to assume that the dielectric constant & is not 
dependent on the applied external magnetic field: 

F 2 C 
7. meade Cl) 


and 


ahah aay = tg dn (At2) (2) 


where A is the wavelength in free space, A, is the wavelength in the 
guide andA, is the cut-off wavelength. Taking advantage of the fact 
that X' is negligibly small, (2) can be greatly simplified and reduced to 


7 = D+ ES, (3) 


where D and E, like C in (1), are constants, dependent on the values of 
a d,A,;Az, andA,. 

Equations (1) and (2) are similar to the ones deduced in Ref. 2; 
it follows from these equations that the paramagnetic absorption coef - 
ficient X" /i.e. the imaginary part of the high-frequency susceptibility/ 
is essentially proportional to the change in r, while the dispersion ot 
Susceptibility is linearly related to the displacement of the minimum. 


* Translation editor's note: Here, and in the next article, as in the 
preceding "antiferromagnetism" article, to facilitate typing, X will 
be used as the equivalent of chi in the text. 
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In the conventional methods of resonance investigation, the para- 
Magnetic absorption coefficient X" is obtained as a function of the 
applied magnetic field in relative units. Up to the present, absolute 
measurements of paramagnetic resonance absorption have been made only 
for eight salts as reported in Refs. 5_and 6. In addition Rivkind 
(Ref. 7), working at a frequency of 10° mc made absolute determinations 
of the coefficient X" in the absence of an external magnetic field. 
The method of standing waves also permits of working out a procedure 
for making absolute determinations of the coefficient X". To this end, 
in view of the constant character of the load, which varies only under 
the influence of the external magnetic field, we can equate the ratio 
of the power of the incident to the power of the reflected wave to the 
ratio of the squares of their amplitudes and, by carrying out the 
appropriate transformations, bring this equality to a form convenient 


for experimental work: 

2 

stet = G v | =y (4) 
Wine bee a | 


Having the attenuation coefficient Y, one can easily find the part 
of the high-frequency energy absorbed by the substance. Let the power 
emitted by the generator be unity, then 


I -Y«6 (5) 


and to determine the purely magnetic loss, we need only find the dif- 
ference 


Stntal’= Saiel = *% (6) 


where Octal = the total loss and Sain = the dielectric loss, deter- 


mined at the maximum intensity of the magnetic field when, it may be 
assumed, magnetic-dipole transitions are wholly absent. Obviously, the 
apparent losses, caused by reflection from the load when this is mis- 
matched, will distort the absolute values of 5,,;,) and Ggie,» but 


since they figure equally in the expressions for both, the net effect 
on the difference will be virtually nil. 

The value of X computed from (6) characterizes the mean value of the 
high-frequency magnetic field energy absorbed per cycle; hence, the pro- 
duct of # times the frequency Y will determine the absorption coefficient 
Avsec)? for which theory yields the following expression (Ref. 8): 


tart at ake KY. (7) 
3 


A (sec 


The sought value of X" is found from (7); converted to cm 
dimensions: 


per ion 


ee xMU 
X=" T6mNPn ’ (8) 


where M is the molecular weight of the substance, v is the volume, P 

is the weight of the investigated salt, N is the number of ions per 
mole, n is the number of ions per molecule; the constant 1/2 is intro- 
duced in view of the fact that the wave passes through the sample twice. 
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2. Description of set-up and measuring procedure 
eee ing procedure 


The experimental set-up employed consisted of a reflection oscil- 
lator (Klystron), an attenuator, a measuring line with a movable probe 
and detector, a matching device and a short-circuited waveguide section 
into which the investigated salt was placed in the form of a plane- 
Parallel layer. The Klystron anode was Supplied from an electronic 
Stabilizer; the heaters and reflector plate were powered from storage 
batteries, as was the electromagnet. The magnetic field was measured 
by a fluxmeter with an accuracy of +2%. 

To minimize errors due to reflection from the probe and deviations 
af the crystal detector characteristic from the Square law, the values 
of r andA were measured at the level of double the minimum of the 
standing wave. In this case the theory of measurement at microwave 
frequencies (see Ref. 4) gives the following expression for the standing 
wave ratio: 

2 0 bik Ce?) 1 
ie a (oe) eae (9) 
y} 


‘B 


where x and y are the measured coordinates of the probe at double the 
minimum level. The approximate equation (9) involves an error of tese 
than 1% when r 21.33 and hence may be regarded as an exact equality. 

The use of a reducing gear and a Special indicating device made it 
possible to measure x and y to within 0.0005 cm. 

In addition to matching by means of a tuning stub, all tests were 
run uSing specimens of half-wave thickness in order to insure better 
matching of the load (Ref. 9). The value of the dielectric constant, 
needed to determine the wavelength in the Substance, was found experi- 
mentally on the same set-up. 

The theoretical basis for determining € is a graphic solution of 
(2), in which the term in parentheses under the Square root can be set 
equal to unity by virtue of the fact that x' is very small. However, 
the values of € so obtained are not the dielectric constants of the 
paramagnetic salts proper but of a mixture of these Salts with air and 
are, therefore, strongly dependent on the packing. To find the true 
dielectric constants we made use of the following equation for dielec- 
tric mixtures, suggested in Ref. 10: 


log le.| = v log |€| - (1 - v)log Eo 18) 


where the subscript , refers to the mixture, while the subscript o 
refers to the solvent or diluent. In our particular case €. refers 
to air, while the last term can be neglected. The applicability of 
(10) was checked by comparing the computed values with measurements 
made On monocrystals. Thus, for example, for a crystal of CuSO4°*5H,0, 
the average of measurements at three different thicknesses d was 
£ onocr = 6.50 t+ 0.15. For powdered specimens, the average for three 
thicknesses was € ~ 4.30 + 0.50, while the value computed from 

: powd f 
equation (10) was’€ = 6.60 + 0.15. 

The values of € for the investigated salts are listed in the last 
column of Table l. 


Experimental results 


The results of our measurements for thirteen different salts of 
Cr, Mn, Fe and Cu are summarized in Table 1. 


, a Sar e4: “a! 
eeutert §<: ee 
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The measured values of the coefficient X"),, at maximum absorp- 


tion are given in column 2. For purposes of comparison, the theoreti- 
cal values of this coefficient computed according to the following 
equation from Ref. 11: 


pee te (a) Or) Y, (1) 


are listed in column 3. 

As may be seen from the figures, agreement in most cases is satis- 
factory, the divergence between theoretical and experimental values 
being within the limits of the experimental error. The greatest devia- 
tions occur in the cases of CrCl, and MnSO,(NH,q) SO4°'6H90; they are, 
apparently, due to deviation of the curves from fhe Gaussian distribu- 
tion (see Figs. 3 and 4). 

As Al'tshuler notes (Ref. 12), some investigators have used a 
simplified equation for the absorption coefficient, differing from Ch) 
by the absence of the second exponential term, but having a coefficient 
double that in (ll) in the first term. In the case of very high fre- 
quencies, when it may be assumed that V > yj (i-e- fory=s 1019 me), 
the second term is negligibly small and consequently the value of a “ 
obtained from (11) will be only half that computed according to the 
simplified equation. A comparison of the data in columns 2 and 3 indi- 
cates that the values computed according to the equation given by 
Al'tshuler, Zavoiski and Kozyrev (Ref. 11) are the correct ones. 

Our experimental data were checked by means of the integral rela- 
tionship between the paramagnetic absorption and the static suscepti- 
bility established by Al‘'tshuler (Ref. 12): 

a nz( F (H;) 
¥,.—yz' (0) = 2 Sy a Ba (x2) 


-cey 
pany ase Qa) ae Ge (13) 


hte 


It will be noted that X'(O), i-.e., the value of the magnetic 
susceptibility in the absence of an external magnetic field, enters 
into (12). This can be computed according to the following equation, 
derived by Shaposhnik (Ref. 13) and experimentally verified by Rivkin 
(Ref. 7): 

yo) = 


where 


Z0Ps¥ 


oe pty? 


(14) 


Here P, is the spin-spin relaxation time, which is of the same order 
of magnitude as l/yj- It can readily be seen that at the high f requen- 
cies used in our experiments, X'(O) will amount to less than 1% of ye 
and, hence, can be disregarded. The values of X_ exp» computed accord- 
ing to (12) are given in column 4 of the table. In fhe next column 
are known, measured values of the static susceptibility. Divergences 
between the two sets of values, in most cases, do not exceed 5-15%. 
The agreement may be considered satisfactory, particularly in view of 
the fact that the accuracy of the experimental data is known not to 
be high. 

Cummerow, Holliday and Moore (Ref. 5) and Lacroix and Exterman 
(Ref. 14)* used the following semi-empirical equation to check their 
results. 


* Lacroix and Exterman referred their relative measurements of xX" to 
the absolute value at the maximum given by Cummerow, Holliday and 
Moore (Ref. 95)- 
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Lacroix and Exterman (Ref. 14) obtained an area S under the 
resonance absorption curve 20% smaller than that reported in Ref. 5. 
They explain the difference as being due to the effect of the rota- 
tion of the plane of polarization on the form of the absorption curve. 

We measured the Faraday rotation at centimeter wave frequencies 
(Ref. 15) and from our results it is apparent that with the orientation 
of the high-frequency and static magnetic fields obtaining in the set- 
up used by Cummerow, Holliday and Moore the rotation of the plane of 
polarization is negligibly small. The distortion of the absorption 
curve should rather be attributed to the influence of the dispersion 
of susceptibility and efflorescence of the salts (see below). We re- 
calculated the curves given by these authors, using equation (12). The 
results are shown in Table 2, where the vaiues for Xo exp from Refs. 5 
and 14, determined according to equation (14) are given en columns 2 and 
3, while the corresponding values recalculated by us according to (12) 
are listed in columns 4 and 5. As will be seen, the recalculated values 
are in closer agreement with data derived from the static susceptibility. 


Table 2 


Results of recalculation of paramagnetic resonance absorption 
; measurements reported by other authors 


(all values of X, in 107%" cm3ion~}) 


Xo exp Xo exp Ref. 5 Ref. 14 
Substance from from values values a 
Ref. 5 Ref. 14 recalc. recalc. c 
accord. accord. 
to (12) to (12) 
MnCl. °4Hg0 URE p - Oo, 21 - 0.25 
MnSO, °*4H20 0.30 Oc20 0.26 0.23 O35 25 
CuSO, *SH20 0.024 - 0.024 ~ 0.024 


The values of § " shown in Table 1 are half-widths of the paramag- 
netic resonance absorption curves. In some cases Our values differ 
appreciably from those reported by other authors. Thus, Ting and Wil- 
liams (Ref. 16) obtained §"" = 610 oersteds from CrCl... Bagguly and 
others (Ref. 17) report a value of 50 oersteds for the same salt. Our 
value of §" = 160 oersteds, which agrees with the data in Ref. 18 and 
the results given in Refs. 7, 19 and 20, may be regarded as the more 
dependable one, since it is based on absolute determinations and has 
been verified by the methods outlined above. The value obtained by a 
group of Japanese investigators (Ref. 6 and 21) for MnSO4q (NH4q) 9804: 6H90 
-- about 70 oersteds - is also doubtful. Not only is this value at 
variance with our result - 1200 oerstedsbut it is inconsistent with the 
structural character of the line. 

An interesting conclusion regarding the half-width of the absorp- 
tion curves can be drawn for the case of manganese sulfate. The numerous 
determinations of paramagnetic resonance in this salt, made both for the 


X' &X", 10725 on ion72 


Fig. 1. Paramagnetic resonance absorption curve (X") and dispersion 

curve (X') for MnSOq‘*H90. 
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anhydrous salt (Refs. 7, 18 and 20) and for the tetrahydrate (Refs. 

5, 14 and 22) yielded values of §" lying in the interval from 300 to 
500 oersteds, which is in the neighborhood of the value of 340 oersteds 
for the monohydrate. Our value of 660 oersteds for anhydrous MnSO4 
(the sample was roasted at 250° immediately before measurement), which 
agrees with the value given in Ref. 6, and the value of §" = 1140 oer- 
steds reported for MnSOq *4H50 in Refs. 6 and 21 would appear to indi- 
cate that the monohydrate form of manganese sulfate is the most stable 
one. 

In addition to absorption, the dispersion of susceptibility (in 
relative units) in perpendicular fields was measured for all the salts 
listed above. Knowing the form of the absorption line, the dispersion 
of susceptibility curves can be computed by means of the following in- 
tegral equation given by Al'shuler (Ref, 12): 


j 4¢F eat it (oT as 
%o— X CAs \ gereecaagy reamed (16) 

Such curves were obtained for low frequencies (Vx=108 mc) by | 
Romanov (Ref. 19), while at high frequencies, one such curve has been 
determined by Kozyrev, Salikhov and Shamonin (Ref. 18). 

We carried out the appropriate calculations for MnSO4°H»50 and 
CrF,a. The computed dispersion curves (X') are plotted in Figs. 1 and 
By together with the paramagnetic resonance absorption curves (X"). 
Experimental data, with the relative values referred to the point, 
‘corresponding to the maximum value of X', have been plotted as circles 
with arrows, the lengths of which are proportional to the experimental 
error. AS may be seen from the diagrams, the agreement is satisfactory. 
In view of this, in Figs. 3 and 4 we have plotted the dispersion curves 
(X') with all relative values referred to the one point for which the 
magnitude of X' was computed according to equation (16). 

From the experimental results obtained, within the limits of ex- 
perimental error, one can draw the following conclusions: 

1) The difference §' between the intensities of the magnetic field 
corresponding to the maximum and minimum values of X' is greater than 
§"» the half-width of the absorption curve. 

2) The difference between the maximum and minimum values of X' 
as a function of H equals the magnitude of Xmax° 

3) At values of Hyes corresponding to X),,, the X' curve is close 
to X); a deviation is observed in cases of asymmetry of the absorption 
curve. 

4) At H = 2Hres» the value of X' is close to 2X). 


Kazan' State University Received 
Imeni V. I. Ul'yanov-Lenin 3 May 1954 
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ROTATION OF THE PLANE OF POLARIZATION IN PARAMAGNETIC SUBSTANCES AND 
FERRITES - N. N. Neprimerov 


A recent survey by Mikaelian (Ref. 1) of what is known about the 
rotation of the plane of polarization of radio waves (one might also 
mention a Similar survey by Sokolov (Ref. 2), devoted to rotation ef- 
fects in the optical region of the spectrum) is concerned mainly with 
discussion of the Faraday effect in ferromagnetic materials. Yet the 
effect at radio frequencies was originally discovered (Ref. 3) in para- 
magnetic materials and the first theory (Ref. 4) as well as later theo- 
retical advances (Ref. 5) stemmed from experimental investigations 
(Refs. 6-8) of the effect in paramagnetics. Unfortunately, researches 
in this field have not, as yet, yielded any definite results. This is 
explained not so much by the weakness of the effect in paramagnetics 
as by the inadequacies of the experimental procedure: paramagnetic 
resonance absorption (hereinafter referred to as PRA) is also relatively 
weak, yet it has been investigated in greater detail than ferromagnetic 
resonance absorption. 

The experimental methods employed hitherto in studying rotation 
of the plane of polarization both in paramagnetic (Refs. 3, 6, 7 and 8) 
and in ferromagnetic materials (Ref. 9 and 10) utilize, for radio waves, 
the basic arrangement borrowed from optics. However, the qualitative 
change in frequencies has led to a quantitative change in experimental 
technique. The fact that at radio frequencies the wavelengths used are 
commensurate with the dimensions of the specimen and the response of 
the analyzer resulted in large errors and a considerable loss of sensi- 
tivity, yet this very commensurability makes it feasible to develop 
bridge circuits for detecting the rotation, circuits which have no ana- 
logs in optics and which are extremely sensitive. Such experimental 
installations, one variant of which will be described below, not only 
permit direct investigation of paramagnetic resonance rotation (herein- 
after referred to as PRR) but can also be used for the study of ferro- 
magnetic materials in very thin layers and high magnetic dilutions, 
which, in conjunction with large external magnetic fields, should be 


useful in developing the pertinent theory. 
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The present article is devoted to the part of our investigation 
of a "gyrobicomplex" paramagnetic medium, concerned with the rotation 
of the plane of polarization. The other part of the investigation, 
devoted to measurements of the complex magnetic susceptibility and the 
complex dielectric constant of the same substances, is reported on in 


a separate article (Ref. 11 = the preceding article in the present 
Bulletin). 


l. Measuring Procedure 


The principal unit of the experimental set-up designed by us for 
investigating rotation of the plane of polarization is comprised by a 
complex 12-terminal waveguide assembly, possessing a high degree of 
Symmetry. The assembly consists of two crossed rectangular waveguides 
connected to a circular waveguide so that the axis of the latter is 
parallel to the narrow sidewalls of the rectangular guides (see Fig. 1). 

The theory of high-frequency transmission lines (Ref. 12) gives a 
dissipation matrix for such a waveguide assembly, on the basis of which 
onecan establish a number of its properties; among these the following 
were utilized in designing the experimental set-up: 

1) In some band of frequencies the assembly branches can be matched 
by means of three variable parameters, installed in the form of coaxial 
stubs in the bottom of the rectangular waveguides at the axis of the 
circular one. 

2) In the matched condition, the power W entering through arm l 
will be distributed at the junction point so that half the power will 
enter the circular waveguide, while the other half will be equally 
divided between the arms 2 and 3. No power at all will flow into arm 4. 
Since arms 2 and 3 are connected parallel to arm 1, in the planes formed 
by the narrow sides of the waveguides 1 and 4 the phases of both waves 
(incident and reflected) will be equal, and in the case when the arms 2 
and 3 are short circuited and equal in length the two reflected waves 
will coincide in phase at the junction point,while the reflected power 
will be distributed equally between arms 1 and 4. No power will enter 
the circular waveguide since the waves in it will have opposite polari- 
Zations and will cancel each other. 

3) If one of the side arms is longer than the other by one-quarter 
the wavelength in the guide, the waves reflected from both arms will be 
180° apart in phase at the junction point and the polarization produced 
by them in the circular waveguide will coincide with the axis of the 
short-circuited arms. In this case there will be propagated through 
the circular waveguide two waves, equal in amplitude but polarized at 
right angles to each other. : 

A block diagram of the set-up developed is shown in Fig. 2. 

The bridge details are milled of brass angle members; all surfaces 
are finish lapped and silvered. The circular waveguide has a choke- 
flange joint and is removable. The two matched crystal detectors, con- 
nected to the instrument panel, are located in arms 2 and 3 at equal 
distances from the central junction point (see Fig. 3). All arms are 
shorted by non-contacting pistons; in one of the arms the piston can 
be displaced by means of a micrometer screw with a vernier scale reading 
to 5u. The linear dimensions of the bridge were held to within 0.01 mm 
of the design specifications, while the angles were machined to Class I 
precision. 

The magnetic field (maximum strength - 6000 oersteds) along the 
axis of the circular waveguide is applied by means of an electromagnet, 
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Fig. 2. Block diagram of set-up: 

l- bridge, 2- detector, 3- specimen, 
Fig. 1. Diagram and sketch of the 4- short circuit, 5- phase shifter, 
12-terminal waveguide assembly 6- attenuator, 7- oscillator, 
8- power supply, 9- small displace- 
ments vernier-indicator. 


Fig. 3. Diagram of detector 
bridge. All resistances except 
100 k{Q are wire resistors. 


Switches Kj, Ko, K3 and Ky are “ 

: eae 2 Fig. 4. Electromagnet power supply 

Be ceris Biawearaoticai: circuit. Roller type rheostat per- 

ehielded. mits continuous adjustment. Ammeter 
scale has 3X optical magnifier. All 
parts and conductors after the fil- 
ters have electric and magnetic 

Shielding. 
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the power circuit for Which is shown in Fig. 4.» The magnet control 

was graduated according to a fluxmeter and Subsequently calibrated 
with reference to paramagnetic resonance (accuracy approximately +1.5%). 
The investigated paramagnetic salt or ferrite, Suspended in paraffin, 
was placed in the form of a Plane-parallel plate in front of the short- 
ing piston in the circular waveguide. The thickness of the specimens 

in all cases was such that the "optical" length of the circular guide 
equalled exactly half the wavelength in the guide. The dielectric con- 
Stant (required to compute the wavelength in the Specimen) was deter- 
mined experimentally at the same frequency (Ref. dB) Da 


In accordance with the second property of the assembly noted above, 


assembly, half this reflected power will go into arm 4 (Fig. 1), while 
the other half will be divided equally between the arms 2 and 3. With 


Te 4 


BAe: 


the pistons in the waveguides suitably positioned, a standing wave 
pattern is established in the system. If the side arms are equal 

in length, the currents set up by the detectors in the arms of the 
balanced bridge circuit (Fig. 3) will be equal and the galvanometer 
will show a zero reading. It is worth emphasizing that despite the 
presence of absorption and dispersion in the specimen and, in fact, 
even in case of power or frequency drift the detector bridge remains 
balanced. This was checked in practice by varying the input power by 
20-30 db and shifting the phase 180° and, also, by applying an external 
field perpendicularly to the axis of the circular waveguide. In such 
cases the detector in arm 4 indicated the presence of PRA, but the 
bridge remained in balance. 

An entirely different pattern emerges when a magnetic field is 
applied parallel to the axis of the circular waveguide. The resultant 
rotation of the plane of polarization through an angle @ is equivalent 
to the appearance of a component polarized at right angles to the plane 
of polarization of the original wave. In this case the detector in 
one of the arms (2 or 3 depending on the sign of the rotation) will re- 
ceive an additional amount of power equal to half that of the rotated 
component (in accordance with the second property of the assembly, as 
outlined above). The bridge will be unbalanced and the galvanometer 
will show a deflection proportional to the angle of rotation. However, 
in this case the remarks made above regarding the balanced bridge are 
no longer valid: the deflection of the galvanometer will be affected 
by both dispersion and absorption, although to a lesser degree than in 
other methods of measurement (Refs. 6-10). 

This is where the linear dependence of the Faraday rotation on 
the field comes to our aid (as is known, dispersion and absorption do 
not depend on the direction of the field). All experimental curves 
are obtained as the half-sums of the commutated curves. This simple 
expedient not only makes it possible to eliminate the influence of 
dispersion and absorption almost entirely, but also provides an auto- 
matic check on the operation of the bridge. 

The transition from purely qualitative determinations to quanti- 
tative measurements is made on the basis of the third property of the 
waveguide assembly. The unbalanced bridge can be brought back into 
balance by moving the piston in one of the arms: the angle of rotation 
is proportional to the linear displacement of the piston and can be 
computed from the equation 


_ 7% 1 

P i (1) 
where x is the displacement of the piston and We is the wavelength in 
the guide. Computing the rotation per unit length (thickness) then 
presents no difficulty. 

The reproducibility of the absorption measurements and the accuracy 
of the calculations may be judged from the curve for CuSO4°5H,O repro- 
duced in Fig. 5. The different points correspond to measureménts made 
at different sensitivities, on different specimens and with an interval 
of several months between determinations. A further criterion of the 
dependability of the developed set-up and procedure is furnished by a 
comparison of our data with that cited by other authors. 

The PRR curve for MnCO. is shown in Fig. 6. Here the points ob- 
tained by Gozzini are indicated by crosses; our points, by circles. 

The distortion of the curve and scattering of the points obtained by 
the earlier method are obvious. 
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Fig. 5. PRR (rotation) curve for Fig. 6. PRR curve for MnCO,. 
CuSO4*SH50. The differently Crosses are values wapanted by 


plotted points correspond to three Gozzini (Ref. 8); circles repre- 
different determinations. sent our data. 


The sensitivity of our set-up 
is clearly demonstrated by the curve 
for Cro(S04)3°18H50 reproduced in 


Fig. 7. The total rotation - -t-e. 
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the scale. It follows that the ap- 
proximate sensitivity of the set-up 


Pic. 7; PRR. curve for (i.e., the value of a graduation) is 
Cr, (S04) 3°18H,0- 2". Of course, the sensitivity shoul 
not be confused with the accuracy of 


measurement, which depends on the errors in determining the wavelength 
in the wave guide, AS , the displacement of the piston, x, the weight 
of the specimen, P, and the density of the material, d. 


2. Results for Paramagnetic Materials 


We made paramagnetic resonance absorption (PRR) determinations 
for twelve salts of the iron group. Specimens were prepared in the 
form of a homogeneous, finely ground powder, suspended in paraffin 
and were placed directly in the waveguide. When the specimen was truly 
plane-parallel full symmetry of the bridge was attained; this condition 
could readily be checked by rotating the circular waveguide about its 
axis. 
The results of the tests with crtt+, mnt+, Fet+*+, and Cu‘? indi- 
cate that all substances having PRA also exhibit PRR. At the same time 
tests run at the extreme frequency adjustments of the Klystron, as well 
as the single curve, obtained at = 10 cm, given in Ref. 7, show that 
the dependence of the rotation, like that of paramagnetic absorption, 
on the frequency is quadratic. 4 

The free ions of trivalent chromium are in the Fo 2 state; the 
g- factor determined for these ions from the PRA is close to 2, which 
is confirmed by the absorption characteristics. The rotation curves 
are distinctly asymmetric, with the negative rotation predominating 


a 


Over the positive. The distance between extreme values is greater 
than the half-width §", determined from the absorption. Our measure- 
ments show that CrF3 exhibits a somewhat greater rotation than might 
normally be expected: whereas the coefficient X" for CrF3 is smaller 
than that for CrCl3 by a factor of 1:5 (Ref. 11), the rotation is 
smaller by a factor of only 1:2 y WF ge 

For the Mn++ ions, which were investigated in greater detail, the 
g-factor is also close to 2, Since these ions are in the °S5/2 state 


and their magnetism is due solely to the spin of the free electrons. 

The angles of rotation observed for some manganese salts are the largest 
found for any of the investigated materials. In contrast to the curves 
for salts of the other elements, the rotation curves for Mnt+ salts, as 
a rule, are symmetric relative to a center line which lies in the region 
of negative angles and at the same time marks the point ot resonance. 
With some approximation it may be said that the angles of rotation cor- 
responding to strong fields tend toward a mean value of about 50'. In 
view of the isotropism of the g-factor for most bivalent manganese com- 
pounds, it may be assumed that the symmetry of the PRR curve could serve 
as an index to or criterion for this isotropism. Where comparison with 
the data of other authors is concerned, the choice of anhydrous MnSO4 
and MnSO4°4H20 for purposes of measurement is unfortunate, since, as was 
Shown in the preceding article (Ref. 11), with the exception of the 
monohydrate, these salts tend to be very unstable as regards the water 
of crystallization; hence, measurements cannot fairly be referred to a 
definite form (hydrate). For example, in all probability the measure- 
ments reported in Ref. 6 were made not on the tetrahydrate but ona 
monohydrate specimen, as is apparent from the magnitude of the rotation 
and the half-width of the absorption curve reported. Gozzini's (Ref. 8) 
curve lies between our curves for the anhydrate and monohydrate. A 

more dependable basis for comparison is furnished by the data for MnCO3 
(see Fig. 7 above). 


Only one trivalent iron salt (ions also in the °S5/2 state) - 
ammonium ferric alum - was investigated. Like the Mn+? Salts, this 

salt exhibits a large total rotation. Whereas the PRA curve for this 
salt shows indications of structure, the rotation curve is smooth. 

While for manganese salts, as noted above, symmetry of the rotation 
curve appears to indicate isotropism of the g-factor, the contrary 
would seem to be the case for the Cutt salts investigated. X-ray analy- 
sis shows that these salts (Table 1) have two magnetic ions per elemen- 
tary cell (Ref. 13). In spite of the polycrystalline character of the 
specimens, this apparently leads to signs of structure in the absorption 
curve (Ref. 11) and asymmetry of the rotation curve. By analogy one may 
assume that the asymmetry of the rotation curves for CrF3 and CrClg3 is 
due to anisotropy of the g-factor. Another possible cause for the asym- 
metry may be the influence of exchange forces. 

So far, in our discussion of the experimental results, we have not 
touched upon the question of the nature and cause of the rotation. The 
PRR curves reproduced in Figs. 5-9 show that the rotation of the plane 
of polarization as a function of the external magnetic field has extreme 
values to both sides of the resonance point. The location of these ex- 
tremums and the character of the dispersion curve give reason to think 
that there may be a deep-seated connection between the dispersion of- | 
magnetic susceptibility and paramagnetic resonance rotation. TO facili- 
tate qualitative comparison, we have assembled data characterizing 
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Table 1 


Dispersion of magnetic susceptibility in salts of elements 


of the iron group 
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respective curves in Tables 1 and 2. The absolute values of the over- 
all dispersion of susceptibility and of the total rotation are shown 
in the respective fourth columns of the tables. With the exception of 
one salt (copper ammine) a certain correlation is traceable between 
corresponding values. The distances between the extreme values (extre- 
mums) or the half-widths §* and §' of the curves (§? = the half-width 
of the PRR curve; §' = the half-width of the PRA curve) coincide to 
within the experimental error; the coincidence of the extreme points 
is equally close. 

What may be termed the characteristic of the symmetry of the curves 
- the ratio of the positive to the negative parts of the curves - is 
given in the next (5th) column. Despite the wide range of values (0.3 
to 0.7), there is fairly close agreement in all cases. The correlation 
between the angle of rotation and the dispersion of susceptibility is 
further confirmed by the similarity in the relative locations of the 
points corresponding to Hye, and 2Hye, (see columns 7 and 8). The 
figures in the last columns provide a means for evaluating the intensity 
of the effect extent of the absorption and rotation/ relative to the 
values of Xo and @Po- The meaning of Po will be explained in the next 


section. 


Table 2 


Paramagnetic resonance rotation in salts of elements of 


the iron group 
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3. Comparison of Experimental Results with Theory 


The theory of the rotation of the plane of polarization stems 
from the well-known Fresnel equation: 


deat pA Ye 
— == (n n"), 


(2) 
which gives the most general expression for the dependence of the angle 
of rotation on the indices of refraction for the right and left circu- 
larly polarized waves. AS the first step toward providing a basis for 
comparing our results with theory, let us make the reasonable assumption 
that in a paramagnetic material the dielectric constant € is independent 
of the applied external field H. In this case (2) can be simplified by 
applying the appropriate elementary transformations and brought to the 
form —_ 

@  2nVe — 

 tealaty teed ak (3) 


where the t sign refers to the variation of the magnetic quantum number 
m, the rule for the selection of which isMm = tl; O. Utilizing the 
calculations made by Al'tshuler (Ref. 14) for the magnetic susceptibility 


= 8 hae 


and corrections to the real part introduced by Romanov (Ref. 15), we 
can write the expression for the angle of rotation of the plane of 
polarization in the form: 


f V—Vo v+yo 
V—v9\2 Yi V+v0\2 Yi 
eq) = EE yt +~ Gi ) e dz —e Gi ) \ ewdz||, (4) 
0 
where 
ch H gpH,., sBH, 


X is the static susceptibility, B is the Bohr magneton, h is Planck's 
constant and Hj is the internal magnetic field. 

Strictly speaking, equation (4) is only a first approximation 
Since assumptions made in its derivation are rigorously valid only for 
paramagnetic gases. However, in spite of this, it gives a fairly accu- 
rate aie ORS anaes of the experimental results. Thus for high frequen- 
cies VY > 10° mc, introducing the notation — 2rtevVe . 


Y= " Lo» 


we have #(0) = O, P(Hyeg) = “Po» 1 02H > Po and, lastly, P(00) =Po 


For a quantitative comparison we will use the experimental data for 
the dispersion of susceptibility and the values of the dielectric con- 
stant from Ref. 11 (the preceding article). The requisite data are 


assembled in Table 3. 


Table 3 


Quantitative comparison of the dispersion of magnetic susceptibility 


and paramagnetic resonance rotation 


> ' 
#'s 
3 #0 
| pier 
am & 
o 17) 
| 2 8 
Substance M d € e 3 ee 
= a x 
Po ore 
“4 = oe 
L | CrCls 158,38] 2,757| 13,5 | 32,4 | 1,45 
re CrF3 109,01) 3,80 | 13,7 Ze its) 0,33 
3 MnsSO, 154,00] 3,25 8,4 | 0,37] 1,05 
+ | Mns0O,4.H,0 1169, 00} 2,95 9,9 | 0.26} 2,10 
5 | MnSO, (NH,)oSO,.6H,O [391,24/ 1,831] 7,7] 0,15] 1,20 
6 MnCl,.4H,0 197,91] 2,01 | 9.6 | 0,43} 0.50 | 
7 MnCO, 114,94) 3,125] 12,8 ito a ue 
S | Fes (SO,4)3 (NHy)2 $O4-24H20 |962,42/1,719) 7.2 | 0,25] 0,83 | 
q CusO,.0H,0 [249,69] 2,286] 6,6 | 0,19] 0,33 | 
10 Cu (NO3)9.6H20 [295,65} 2,074} 5,0] 0,15| 0,38 
v7 CuSO,4(NH3)4-H2O 245,74) 1481 eeriy ao 0.64 | 
| | | | 


The experimental values of the angle of rotation given in Table 1 
and Figs. 5-9 cannot be compared directly with the calculated values 
since they are obtained for conditions in a waveguide, which conditions 
are different from those in free space. The necessary correction may 
be approximated by means of the following equation from Ref. 16: 


2A (5) 


o=9 
. 7 
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where for the mode employed TE,, = TE), and uj, is the first root of 


the first derivative of the first Bessel function Jy (x). Substituting 
its value (from Ref. 17) gives us the correction coefficient of 
P = 0-438 Ryo for our set-up. 


The corrected values of the angles of rotation together with the 
values computed according to (4) are listed in Table 3. Considering 
the large number of experimentally determined quantities comprised in 
equation (4), the agreement for most salts may be regarded as good. 
The apparent anomaly as regards the rotation in CrF3 is now explained. 
However, it will be noted that now there is no quantitative agreement 
for four salts. The initial assumption that the divergences in the 
cases of these salts are due to the inapplicability of equation (5) in 
view of the large dielectric losses involved proved not to be justified 
since measurement of the dielectric loss tangents for these salts showed 
even smaller values than for the other salts. 


yo Results of Measurements for Ferrites 


The applicability of the developed procedure to ferrites was veri- 
fied by measurements on two ferrites. Determination of the rotation 
of the plane of polarization in the vicinity of resonance was of particu- 
lar interest. The ferrite samples were prepared in the form of a finely 
dispersed powder suspended in paraffin, the concentration ratio being 
1:10. The real and imaginary parts of the magnetic susceptibility of 
the ferrite specimens were also investigated. The three curves for 
nickel-zinc ferrite are reproduced in Fig. 8; the curves for the man- 
ganese-Zinc ferrite, in Fig. 9. From the shape of the real part of the 
susceptibility curves, it will be seen that the observed variation is 
consistent with that noted in Ref. 11 (preceding article) for the dis- 
persion of susceptibility in paramagnetic materials: 

1) the half-width of the curve, determined from the dispersion of 
susceptibility, is greater than the half-width of the absorption peak 
Ce * tee 2ELSh" ; 

§ 2) at the resonance value of the field, the dispersion curve passes 

through Ug, 
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Fig. 8. Real and imaginary parts of Fig. 9. Curves as in Fig. 8 
the magnetic susceptibility and ro- but for MnO‘ZnO-Feo0,g ferrite. 
tation of the plane of polarization (Composition: 30-20-50) 


for NiO*‘ZnO:Feo503 ferrite. (Composi- 
tion: 25-25-50). 


3) when the field equals 2H,,., the real part of the susceptibility 
is close to 2U,. 
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The rotation curves for the two investigated ferrites are differ- 
ent, whereas the curve for the nickel-Zinc ferrite roughly parallels 
the dispersion of susceptibility curve, that for the manganese-zinc 
ferrite has the form common to ferrite curves found by other authors 
(Refs. 9 and 10), in spite of the fact that it passes through a point 
of resonance. A possible reason for the difference between the curves 
may be that while one of the ferrites was sintered, the other was not. 


Principal Conclusions 


1. We developed and tested in practice a new method for measuring 
the rotation of the plane of polarization; this method is based on the 
fact that the specimen, the analyzer and the wavelengths involved are 
of the same order of magnitude and has a number ot advantages over 
earlier methods, to wit: 

a) variations of the power and frequency of the incident wave 
do not affect the determination; 

b) the method gives the angle of rotation as a PuncCcion wet 
the field H, virtually eliminating the influence of the dispersion of 
Susceptibility and the absorption; 

c) in the new method mechanical measurement of the angle of 
rotation is replaced by measurement of linear displacement, which in- 
creases the sensitivity to 2" and insures good reproducibility of re- 
sults; 

d) by taking advantage of the linearity of the effect, it per- 
mits measuring double the angle of rotation, thus increasing the accur- 
acy; 

e) it permits replacing the solenoid producing the external 
field in earlier set-ups by a conventional electromagnet with a narrow 
gap. 

2. AS a result of measurements on twelve salts of the iron group, 
we have established that all substances exhibiting paramagnetic reson- 
ance absorption also exhibit paramagnetic resonance rotation. 

3. We found that there is a qualitative and quantitative relation- 
ship between the dispersion of susceptibility and the rotation of the 
plane of polarization. 

4. We have deduced a semi-macroscopic formula for the dependence 
of the angle of rotation on the external magnetic field which approxi- 
mately describes the experimental results. 

5. The developed experimental method is applicable to measurement 
of the rotation of the plane of polarization in ferrites. 


Kazan' State University Received 
Imeni V. I. Ul'yanov-Lenin 3 May 1954 
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INVESTIGATION OF THE FARADAY EFFECT IN FERRITES AT CENTIMETER WAVE- 
LENGTHS - N. A. Smol'kov 


The method of investigating the Faraday effect at microwave fre- 
quencies is analogous to that employed in optics. Instead of the 
Nichols prisms used as polarizer and analyzer at optical frequencies, 
rectangular waveguides are employed at centimeter wave frequencies, 
while the investigated specimen is placed in a circular waveguide, 
separating the rectangular ones and Surrounded by a solenoid. 

A block diagram of the basic set-up used at microwave frequencies 
is shown in Fig. l. 

A TEjg mode is excited in the 
rectangular waveguide which serves 
as the polarizer (see Fig. 2, a, 
where the electric field is desig- 
nated by solid lines and the mag- 
netic field by dash lines). This 
mode goes over into the circular 
guide, where it is transformed into 
the dominant TE,}) mode, as shown in 
Fig. 2, b. As the wave passes 
through the section of the circular 


Fig. 1. Block diagram of set-up: guide with the investigated sub- 

1) regulated rectifier, 2) Klystron, stance, which is magnetized by the 
3) adjustable attenuators, 4) po- longitudinal field of the solenoid, 
larizer, 5) circular waveguide, its plane of polarization is rotated 
6) specimen, 7) solenoid, 8) analy- through an angle @, as shown in 

zer with angle scale, 9) detecting Fig. 2, c. From the circular eure 
head (probe), 10) detector, the wave enters the second rectangu- 
11) galvanometer. lar guide, serving as the analyzer, 


where the TE}, mode is transformed 

into the TE,j9 mode. The power of the high frequency oscillations accept- 
ed by the analyzer will be a maximum when the latter is also turned © 
through an angle @ relative to the first rectangular guide, as shown in 
Fie. 2, da. . . : 

Theoretically, the angle # is determined from a Simultaneous solu- 
tion of the magnetodynamic equation of Landau and Lifshits: 
OM __  (MH,) — % (M[MHi]] (1) 


ot 


together with Maxwell's equations: 

) ae 

capt 

. (2) 


0 
rotE = + EL 


rot H = 


where Y= —_ is the gyromagnetic ratio, i.e. the ratio of the magnetic 


to the mechanical moment of an electron; ¢g igs the Lande splitting fac- 
tor and § is a parameter characterizing the damping of the precessing 
magnetic moments M about the direction of the internal field H;. 


Fig. 2. Modes in waveguide assembly: a) in first rectangular 
guide (polarizer), b) in circular guide, c) rotation of plane of polari- 
zation through an angle @ incident to transmission through specimen, 
d) in second rectangular guide (analyzer) when this is turned through 
the angle ?. 
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It follows from equation (1) that the relationship between the 
high-frequency magnetic induction and the high-frequency internal field 


is not scalar, as is commonly assumed, but a tensor relationship: i.e., 
b = Tiyh', (3) 
where 
{" ith O 
1, - A L 0) 
] l | | (4) 
lo O 1 | 
In other words, the components of the vector b have the form 
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The quantities uw and k are complex: 


p= Pi — "Pe (6) 


k=h,—thy, Me 


where 


yo OREO + 8) — of] (MH, (1+ 8) + Oto, 8 
rag [y?H2 (1 + 8%) — of}? + 42a? (8) 
Wyse (2H? (1 ae 3?) he w?] 
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OTHE (I +B) — ot] + tot (1) 


here, w is the cyclic frequency of the high-frequency field 
A= hye"! : 


where Y = @ + if is the propagation constant (@& is the attenuation 
constant and 6 is the phase factor). 

Solving Maxwell's equations for the case of a plane wave being 
propagated through a ferromagnetic medium in the direction of the static 
magnetic field H, and bearing in mind that b,, b, and bz are determined 
by (5), we obtain two values for the propagation’ constant: 


lo = eV GEA) (12) 
indicating that the linearly polarized wave is resolved into two circu- 
larly polarized components, having different propagation constants. 

The plus sign applies to the right polarized wave; the minus sign, 
to the left polarized wave. 

The phase velocities of the two components can be determined from 
equations (8)-(12) and from these, in turn, one can find the angle of 
rotation: 
et fey 


¥ 2 (13) 


where / is the path length through the material (i.e., the thickness of 
the specimen). . 

The theoretical analysis of the Faraday effect in ferromagnetic 
materials at microwave frequencies, summarized above, has been carried 
out by Polder (Ref. 2) and Hogan (Ref. 3), who base their treatment on 
the assumption that the high-frequency dielectric constant does not 
change with variations of the external field H,, comprised in the field 
H,- However, our experiments (Ref. 4) have shown that the dielectric 
constant € is a function of the field Hg in the case of ferromagnetic 
resonance in ferrites. Hence, the present theory of the Faraday effect 
at microwave frequencies in ferrites and other non-metallic magnetic 
semiconductors requires modification or further development. 

Employing the above-described method we investigated the Faraday 
rotation in the ferrites NisgCd,_,Fe 904 and (Nig 5Cug ,5Fe204)0.85(Ba0) 9 15 
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at a wavelength of 3.15 cm. The samples were prepared in the form of 
cylinders, one 9.8 mm in length, the other, 5.0 mm. The diameter of 
both was such as to completely fill the internal cross section of the 
circular guide. 
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Fig. 3. Dependence of the angle of Fig. 4. Dependence of the angle 
rotation in the NigCd)_sFe904 fer- of rotation in the 

rite on the external magnetic field (Nig 5CUg 5F994) 9 ,85(B20)9 15 

Hp. Length (thickness) of specimen ferrite. Length (thicknesses 


ee ae 5.0 mm. 


The curve showing the variation of # with the external field Hh, 
for the first specimen is reproduced in Fig. 3. It will be seen that 
up to about Hp = 1000 oersteds the angle of rotation is proportional to 
the field strength; above this point the proportionality breaks down: 
apparently the material becomes saturated magnetically. At Hop = 1670 
oersteds there is a small dip in the curve, which, according to Hogan, 
can be attributed to skin effect. The region of ferromagnetic resonance 
begins at Hj = 1800 oersteds and at Ho =.2500 oersteds P goes through 
zero and becomes negative. 

Fig. 4 shows the rotation curve for the second specimen, the region 
of resonance for which occurs at values of the field above 3000 oersteds. | 
This curve, also exhibits a minimum, though in this case the dip is less — 
pronounced, which may be attributed to the influence of the shape of 


the specimen. 
Conclusions 


1. In the Faraday rotation in ferrites there is observed a skin 
effect ahead of the region of resonance. 
2. At the resonance point the angle of rotation of the plane of 


polarization changes sign. 
The writer desires to express his thanks to E.. 1. Kondorskt for 


his advice and counsel in the preparation of this report. 


Moscow State University Received 
Imeni M. V. Lomonosov 3 May 1954 
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FERRITE DISC IN A COAXIAL LINE 
- Ia. N. Kolli and E. M. Polivanov 


Measuring Procedure and Processing of Results 


1. Open- and short-circuit method 


The relatively simple and commonly employed method of determining 
the four parameters of a doubly-complex medium (¥ = Hy - iby and 


E = cy - i€5), filling a section of coaxial line, consists of measuring 


the input impedances with the line containing the specimen (obstacle) 
terminated 1) by a short circuit (impedance Z,) and 2) by an open cir 
cuit (impedance Z,). 

The input impedance can be determined using the familiar method 
of measuring the travelling /standing?/ wave ratio and the displacement 
of the minimum point. 

Denoting with primed letters the normalized values of the input 
impedances, i.e., the values of the input impedances divided by the 
characteristic impedance of the line without the obstacle, we have: 


Zy = Z.thl and Ce i? ee 
whence 


ee v7 fares 
in baVae, a 


pe 
th xe 3 th (32 = ial) — V3 = Ter. (3) 
“x 


here T and Tf are the modulus and phase angle, respectively, of the com- 
plex hyperbolic tangent. 
Knowing T and T , we can compute the complex argument of the hyper- 


bolic tangent. For our purposes, it is convenient to use the following 
equations: 


and 


2a Sint 
=e 


(4) 


Once the values « and 6 are obtained (the length of the line with the 
obstacle is assumed here to be known), we find 


py ce eer (6) 
where 


fea ome (7) 


is the propagation constant of the line without the obstacle. 
From (2) and (6) we can readily determine 


a 72, and, ° = S- (8) 


The adjustable line method described has the following serious 
shortcomings: 1) to determine the positions of the piston corresponding 
to a short circuit and open circuit at the end of the line, it is neces- 
sary to calibrate the line with the piston; 2) the values of yu and 


= 700-5 


are determined on the basis of Only two measurements: one at open cir- 
Cuit, the other at short circuit, 


2. Method of three reactive loads 
$$$ i eactive ioads 


_ The above shortcomings are eliminated in the method of three re- 
active loads.* This method comprises the following steps. 


a) Construction of a Circle Diagram. The input impedances Z' are 
determined for a number o piston positions. Alt the determined valuce 
Z' should lie on the circumference of a circle, since the varying load 
remains purely reactive. In practice, the experimentally derived values 
ves Z' are plotted in the complex plane and a circle is drawn through 
them. 

The radius R of the circle and the coordinates of its center 


RRPbeAY 4) Reap (9) 


are then computed. 
The equation of the circle diagram for the input impedance (see 
Appendix 1 for derivation) has the form: 


Ae ae ae seme (10) 


Here 
(11) 


e 
Ay = te aya 


is the impedance of the reactive load connected at the Output of the 
line with obstacle; x is the distance from the obstacle to the short- 
circuiting piston. 

The functional relationship between the three parameters of the 


circle diagram and the values Z,. and ZS is readily deduced; it is 
described by: 


ty + iyy = Z, - As a 7 x (12) 


oi oe ae’ 
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where RY meat OA ee 

Thus, by plotting a circle diagram on the basis of a series of 
measurement at various piston positions, we can evaluate the extent to 
which the values of zy and Zu selected for further computation, are 


consistent with the other measurements of the series. 

For example, assume we have an obstacle 0.413 cm in length ina 
transverse magnetic field H = 1225 oersteds and that at a wavelength 
Ao = 10.8 cm, observation yields: 


Z, = 0.59 + 10.535 = 0.795¢ 42°10'; 
Z = 0.14 - 10.19 = 0.235 -53°930'. 


- 80 -— 


The center of the circle plotted from a series of measurements. has the 
coordinates 
xo + ly, = 1.03.7 -10°35*> = 1,015 = 1 0.19 
and a radius 
Bae 0,87 


On the other hand, the coordinates and the radius, computed according 
to equations (12) and (13), are respectively: 


Xo + ty, = 0.865. -8947' = 0.855 - i 0.132 and R = 0.715 


The discrepancy permits, first, to evaluate the accuracy of the 
results, and second, to correct the plotted circle or the values of (A 
and Z;, so as to bring them into agreement. 


b) Determination of the Characteristic Impedance from Measurements 


with Three Reactive Loads. The three parameters of the circle diagram 
are in themselves (when yl and Z, are unknown) not sufficient to deter- 


mine the values of the four desired parameters (H), Ho, €, and Ea). 


However, these parameters can be found by supplementing the circle dia- 
gram with the value of the characteristic impedance Z, of the line with 
the obstacle. 

The value of Zo can be found if three values of the input impedance 
Zi» Zo and Za, corresponding to three consecutive positions of the pis- 


ton separated by equal displacements 4 x, are known. It is not neces- 
sary to know the distance between the piston and obstacle; we need only 
know the relative position of the piston for the three measurements: 
x for the first measurement, x+Ax for the second, and x + 2 4x for 
the third. 

The characteristic impedance is computed from the three measured 
input impedances by means of the following equation (see Appendix 2 for 
derivation): 


/ 


(tZ,)* — 2rsty — eA ees Zr) 2 
as C =f Yrstq —(s —r)y? ) 


(14) 


where rat cain) OU Set ee 
q=icte(4Arv), r= 41-45 $a, oy PSE SS (15) 


Equation (14) can be replaced by an equivalent formula, in which the 
impedances and differences between impedances are replaced by admit- 
tances and differences between admittances, namely: 


(Ze = pea Jain py — (im *_ 1)*q" (16) 
( 


/ ’ x , Pe » , 
p) oe mn pq) gil! ) orn 


where g has the same value as before, and 
fa 8). = yaes. Nn i ae es p EV i Chan 


If a series of measured input-impedance values (satisfying the require- 
ment that the piston displacements be equal) are available, Z' can be 
computed repeatedly for each set of three equal-displacement readings. 
Thus, the computation formulas given here permit determining the charac- 
teristic impedance on the basis of a series of measurements for obtain- 
ing which it is not necessary to know the distance from the end of the 
obstacle to the piston. 


ay eee 


In practice, it is convenient to verify the assumed open-circuit 
and short-circuit positions of the piston by making measurements at 


these points and also at the half-way point. In this case, 2) = Zh 
Z3 = Z) and ax = A/8 and q = i. 
Applying equation (14) to this case, we get 
’ (25) — i2rst + (Z,;s — Zr)? 
(Zc! = Sate aes 


The computed result should equal the product of Zy by Z, i.e., 2) 3° 


Agreement indicates that the piston positions have been properly selec- 
ted, i.e. that the first position corresponds to an open circuit and 
the third position corresponds to a short circuit. 


c) Determination of the Propagation Constant from Circle Diagram 
en ese n aeen  easenenanne e e ee ee Uae 
with Characteristic Impedance Known. Knowing the characteristic imped- 


ance Z‘ and the parameters a, @, and R of the circle diagram, it is. 
possible to determine the propagation constant of the line with the ob- 
stacle, and consequently the parameters of the obstacle (specimen) it- 
self. 

To derive computation formulas, we must express Ze and zy in terms 


of the line parameters 


Zy=Z2ethyl and Z.=Zicthyl (18) 

and substitute these values in equation (10) 
Zin = Zecthyl + Zo (19) 

oe j uth yl 


where Xe is the load impedance (reactance). 
Appropriate transformation of this equation (see Appendix 3) yields 


the following relationships between the line parameters and those of 
the circle diagram: 


Tae eee eee 
on 2Bl = = cosd,? (20) 
, a sin (8, — 0) 
s OG Sl o> sO 
eer R Sind, : (21) 
) |Z. 
C= eee oe. 
sh 26/ cus 8) + sin 2ad sind, (22) 
Here 
Ge == ate Z 5. 


The first twe equations permit determining the attenuation constant £6 
and the phase factor @& of the line with obstacle. The last equation 
(22) serves as a check on the accuracy cf computation. 

When Z) and y' .. ins a have been found, the values of w and 

se e 

€ can be computed from equation (8). 

In the case of specimens with high attenuation, the values of Z? 
and Zp measured in making determinations by the open- and short-circuit 


= 


method differ little from each other. In this case th Yl /tanh y1/ 
approaches unity and the accuracy in determining xl and BV from (4) 
and (5) is greatly reduced. For the sake of higher accuracy it is 

preferable to determine Zo from (2) and make use of the circle dia- 


gram and equations (20) and (21) to compute «l and Bl. 
On the other hand, in cases of low attenuation or whenever 


2 
Bier Gy" the angles bo and @tend to approach zero and the error in- 


volved in using (21) becomes great. In this case, it is preferable to 
use the open- and short-circuit method and to utilize (20) and (21) 
Only for checking purposes. 


Experimental results 


We used the above-described method and procedure in investigating, 
at a wavelength of about 10 cm, the parameters of a disc of Grade 0-400 
ferrite placed in static magnetic fields directed parallel (Fig. 1) and 
perpendicular to the axis of the coaxial line. 

The results of the input impedance measurements at various values 
of the applied field are shown in Figs. 2 through 5 (points 1). The 
normalized (relative) characteristic impedances of the disc were com- 
puted on the basis of these measurements. The computations were made 
for three series of points: those corresponding to open- and short 
circuit conditions (points 2), those obtained by the three-reactive- 
loads method, the two end points corresponding to the open and the 
short circuit withax =A/8 (points 3) and points obtained by the same 
method but with ax ¢ A/8 (points 4). 

The results are given in Table 1 below. 


Results of measurements on Grade 0-400 Ferrite disc 0.37 cm 
thick in parallel and perpendicular fields 


Parameter | Zero In In longitudinal field 
|, field transverse 


field 
H oersteds 0 2020 1770 2020 | 3700 
Zi by open- and) 0.39 0.38 0.77 0.93) 0.25 
sfert-circuit | 2-42°10' | «-0°40' | 2-53°50'| <55°05"| 4°30" 
method | : | 
Zi by three-re- | | | : 
active-loads | | 
Pee ots, { 0:37 | 0.46 | 0.63 | 1.18 | 0.50 
x= A/ Z-58909' | 2-0931' | £-63020' | <-55°35' | ~~ -1058! 
0.45 Ga | =. = 0.89 : 
with = x4M8 {) 7 45005: dea aa ee 255042" | = 
Ax 2.00 | G6 | 2.00 : 
et o.aa 4 geey © 1 hts ore 1.29 
one, 9.35 4 2.72 | 0-18 0.49 3.54 
<r | 0.06 0.147 | 0.492 2.50 1.74 
exp 


(Note: Field intensities given in the table and in the curves below 
are values measured in the absence of the disc.) 


> iow ae. 


In addition to the measurements with reactive loads, two direct 
measurements of Z' were made in a field parallel to the axis of the 
line and equal to 1770 and 2020 oersteds. For this purpose another 
disc, 6 mm thick, was inserted on the load side of the investigated 
disc. This damped out the reflected wave completely, and the input 
impedance of the disc did not vary with the piston position. In this 
case, it can be assumed that the measured input impedance is approxi- 
mately equal to Zo of the disc. These values of Z' are identified in 


Figs. 3 and 4 by @. It will be noted that they lie outside the circle 
diagram plotted for a reactive load; this is in conflict with the theory 
of symmetric four-terminal networks. 

It also follows from an analysis of the table that the discrepancy 
between the radius of the circle, obtained from the circle diagram 
(Rexp? and that computed from equation (13) (Reomp) is much greater in 


the case of a parallel field than in the cases of a zero field and of 
a transverse field. This suggests that the theory of symmetric lines 
or symmetric four-terminal networks is inapplicable to a ferrite disc 
in the presence of gyromagnetic effects. ; 
Yet in many investigations 
(Refs. 3-5) the waveguide open- 
and short-circuited method has been 
employed without prior verification 
of its applicability to gyrotropic 
magneto-dielectrics. 

In the case of a field perpendi- 
cular to the axis of the line (Fig. 
5) the determinations made by the 
different methods are in closer 


agreement: the relative error in 
Fig. 1. Coaxial line with obstacle the determination of Reomp does not 
and with polepieces of magnet, exceed 15%. This percentage is 
when the applied magnetizing field getermined by the accuracy of the 
is parallel to the axis of the initial data (within 1-3%) and the 
line: 1) polepieces, 2) coaxial cumulative error introduced by the 
line, 3) ferrite disc. approximations of the computation 

formulas. 


The variation of the characteristic impedance and the propagation 
constant with the field is shown in Figs. 6 and 7. 

The change in attenuation can be evaluated from the variation in 
the radius of the circle diagram: a smaller radius means that the 
influence of the load on the input impedance is diminished, i.e. that 
the attenuation is increased. A comparison of the circle diagrams of 
Figs. 2 and 5 shows that the application of a transverse field reduced 
the attenuation, while from Figs. 2, 3 and 4 it follows that the appli- 
cation of a longitudinal field increases the attenuation. In view of 
the disagreement between the observed results in the case of transverse 
field and the theory of four-terminal networks, it is questionable 
whether any useful purpose is served in determining & Ll, BU and Zo by 
conventional methods for this case. 

We computed the values of wu and & in the case of a transverse 
field with A= 10.25 cm and &, = 0.616 on the basis of the determined 
magnitudes of bas and ¥Y, using (G6) and (8). The variation of up and € 
with the field intensity is shown in Fig. 8. 

For fields from 0 to 1700 oersteds, the dependence of the attenua- 
tion on the field 1s approximately linear (Fig. 6). This region is 
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Suitable for the operation of adjustable microwave attenuators. When 
the field exceeds 3000 oersteds y= 1 and Uy and Eo are small (Fig. 8). 


In such fields the ferrite behaves as a low-loss dielectric: the loss 
tangent equals approximately 0.06-0.001. In fields between 1000 and 
2000 oersteds, there is appreciable scattering of the points for —, so 
that the values of €, given for this region cannot be regarded as re- 
liable. In any case, there is observed an apparent increase in €5 in 
this region. It will be noted from Fig. 7 that there is a correspond- 
ing change in the sign of the phase angle of the characteristic imped- 
ance at about 1700 oersteds, indicating that the dielectric loss begins 
to exceed the magnetic loss. 


_© =i 0 
z R,, X 
in - in 


o-/] 


o-2 
a-J “jt 

th e-4 
Fig. 2. Circle diagram for zero Fig. 3. Circle dintranet oreo 
static magnetic field. 1) experi- static magnetic field, H = 1700 
mentally determined values of the oersteds, parallel to axis of the 
input impedance Zoi 2) values of line; 1 through 4) same as in 
Z' computed using the open- and Fig. 2; 5) Z) measured directly. 


short-circuit method; 3) Z' computed 
using the method of three-reactive- 
loads with ax = 4/8; 4) the saine as 
3, but with ax # A/8. 


a a a Do 
' Ae te 
Xin 
@ 
| 
a-2 
| : 
ie 
| oe 
“fl 5 3 


Fig. 4. Circle diagram for a static Fig. 5. Circle diagram for a static 
field, H = 2020 oersteds, parailel field H = 2020 oersteds, perpendicu- 


to the axis of the line. Number Lar to caxis of line; scale 1/sth 
references as in Figs. 2 and 3. that in Figs. 2-4; identifying fig- 
Identifying figures as in Figs. 2 ures as in-Fig.s -2. 


and 3. 


= 85 - 


The values of and € given in Fig. 8 are actually equivalent 
parameters rather than true values of the permeability and dielectric 
constant of the material since when a transverse magnetic field is 
applied, the angle between the alternating and constant components of 
the magnetic field differs at different points in the disc. This 
naturally makes for different values of » at different points. More- 
over, the methods discussed above do not take into account the gyro- 
tropic components of the permeability. 


a 1000 2000 ~~«J000—S—(<(«é«é OO 


H,0e 
Fig. 6. Dependence of the propa- Fig. 7. Dependence of the charac- 
gation constant on the magnetic teristic impedance on the magnetic 
field perpendicular to the axis field perpendicular to axis of line; 
of the line: 1) H= Im(Y); 1 \Zd; 2) bo = arg Za: 


2) B= Re M. 


Hence, the determined values of 
€& and w are essentially the values of 
€& and » for an equivalent homogeneous 
disc in which gyromagnetic effects are 
absent. 

Such "averaging" results in an 
apparent dependence of the equivalent 
dielectric constant on the applied 
magnetic field, although actually the 
dielectric constant of the material 
is probably independent of the mag- 
netic field. 


Conclusions 


The familiar adjustable line 
method can be extended by supplement- 
ing it with the plotting of a circle 
diagram and by replacing the measure- 
ments made at two positions of the 
shorting piston with measurements made 
at three piston positions (the method 


Fig. 8. Dependence of permea- of three-reactive-loads). Agreement 
bility and dielectric constant of the end results of the different 

on the intensity of a magnetic computations can serve as a check on 
field perpendicular to the axis the applicability of the symmetrical-+ 
of the line. line or symmetrical four-terminal net- 


work theory. No such internal check. 
was available with the earlier open- and short-circuit method. 


The results of our experiments make it questionable whether a 
section of line filled with a magneto-dielectric can be regarded as 
a section of a conventional uniform line in the presence of a longi- 
tudinal static field. An explanation of the divergence from theory 
must be sought through a rigorous analysis of the electrodynamic 
problem. 

In the presence of a transverse static field, a section of line 
containing a magneto-dielectric retains the properties of a conventiona 
four-terminal network, but the permeability and dielectric constant 
measured in this case must not be identified with the intrinsic permea- 
bility and permittivity of the material inasmuch as the magnetic perme- 
ability of the disc varies from point to point (due to differences in 
tie angle between the directions of the static and alternating magnetic 

ields). 

Where no static field is present, the conventional adjustable- 
line method can be used to determine the permeability and dielectric 
constant of a magneto-dielectric material, and an extension of the 
method proposed in this article can be utilized for veritying the 
accuracy of the results. 


Appendix 1 


Equations relating the parameters of the circle with the open- 
and short-circuit impedances 


From the equations for a four-terminal network 


U; = UA — I,B — is soe 


I, =U,C4+1,D =I, (ZC + D) ee) 
we derive the familiar expression for the input impedance 
U, lz, ee 
te Ser aw: Glee 


where Zy is the alternating load. 


Dividing algebraically and separating out A/C as a constant 
quality, we get 


ee (13) 
Bess 53 


It is evident from (1.1) and (1.2) that 


A 4-3 BY a ee (V4 
(oii eee | Ser: in rev aS) 


where Z is the impedance looking into the output terminals with 


in rev 
the input terminals open. 
In our case the four-terminal network is symmetrical 


Zz, -& 


x in rev GLa) 


and the load impedance is purely reactive 


Zu = 1A: Ci6) 


fi 
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In this case, (1.3) takes the form 


r r r 4, — 4; 
Zin = 4x t+ 2x57 * Chat) 


Invoking the equation 
1 1 a 
TEWiTT Wee AG ceaeaba’. (1.8) 
and modifying the variable part of the second term of (1.7), we 
obtain 


r r Z —Z 
Zine 2x + 22g (ht e™), (1.9) 
he’ 
where 
ae 
i ote H x 
Beet Ms seas 2 (1.10) 


If Y is the variable, equation (1.9) describes a circle. After 
dividing by the proper power of Z C (the characteristic impedance of’ 
line without without the obstacle) i.e., after converting to normalized 
values, we obtain the radius of the circle: 


px | Ze (Zu Ze) _| _ | Zo ea" 
aR 2h el ebb) 
and the coordinates of the center of the circle: 
ee eA ae 
Lot LY = Zy + OK, =x,+ — OK ° (1.12) 
Appendix 2 


Derivation of equations (14) and (16), expressing the charac- 


teristic impedance in terms of three input impedances * 


The system under consideration contains: 1) a line with an ob- 
stacle (specimen) of length l, having an unknown characteristic impe- 
dance Z, and an unknown propagation constant yY, and 2) a load line, 
connected in series with the obstacle, having known values of Z, and 
ram yO and short-circuited by a piston at a certain distance from 
the obstacle. 

Let the input impedances of the line with the obstacle correspond 
to the following distances between the end of the obstacle to the short 
Sxrcurt: §X, Ax, Xos and X5 + Ax. The value of x, is assumed to be 
unknown, while that of 4x is assumed to be an accurately measured 
quantity. 

The load of the line can be expressed by the following equation: 


Zn = iZey bg dy 2. (2) 


In this case the input impedance of the specimen line with the 
obstacle can be characterized by 
: : Ztlga rch r+ Z.sh It 
b= teF vige,eehh + Zon (2.2) 


ch 


* The derivation was suggested by V.- Iu. Lomonosov. 
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osw fad. 
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Changing to normalized impedances (dividing all impedances by ZAG 
we get ce 
, itga ech + 2, sh 


Zi'=Z, ; 
itga, xshl+Z,chTr ; (2.3) 
or 
pie: Oitga,rshl+chr 
itgayrchP +—-shT (2.4) 
Here ' 
Pi, Tana 5 ee (2.5) 


Let us denote the input admittances* at the three different values 
as follows: 


Y,=Y’ (x, -— Az) =c—a, 


) 
ty == Y' (xy) ae (2 7) 
Ye=Y¥' (z+ Az) =e+ 0.) 


Solving (2.4) with respect to tga x with x = X,, and consequently 
with Y' = c, we get 


ch PT — = sh bs 
Heo %e = iech Pash (27) 
This equation will be used to eliminate the unknown X,. 

Let us represent the tangent of a Sum as: 


Lg ax, ctg a Ax re 1 


tga, (ty Ax) = Clg a Ar + tZayro 


(2.8) 


we introduce the following designation for the value of the 
known cotangent in the above equation: 


gq = ictg Ax, C259) 


and invoke equation (2.7) to express the unknown tangent. We thus 
get 


{ 


g{chl—3 sh f) # (cchl —-6 sh Pr) 


tg % (Ly = Az) = 


/ (2520) 
"iq (ech? Osh) F i(ch!— [sh Pr) 


Taking x = X, + 4x in (2.4), and using the notation of (2.6), we get 


cos ee i@s sh Ptg ay (& + Az) + ch? (9811) 


| 
e—4 ich tga (@ + Ax) + " shel 


and upon substituting for the tangent as per (2.10) and changing to 
functions of twice the angle*™; 


ae 1 | + (0? — 1) ch 2P t(—— sh 20 + se sto i a 


\ — Raa ee ay . 
Beers G4 shh! wr (e+ 2g (2.12) 


be wt 


* As usual, it is assumed throughout that Y,; = 172i 
een a a te thm oma tTLONS? sh chYP= A sh 2r: sh? r= a (ch 2 —1); ch? = 2 


(ch 2P + 1). 
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After grouping the coefficients of the hyperbolic functions, the two 
equations (2.12) lead to the following system: 


A, ch2P + B, sh 2Pr = zl 


A,ch2F + B,sh2r = D,, (2.13) 
with 
this 
Ay = (1—64)(41 + 04 i 
B, = —(2c + d)(1 07, 
/ b 
Dy = — 2bg-—(4-+ )(4 — ef =), [ (2.14) 
c—a 
A, = —(1— 6) (1 + ¢ ™ ), | 
B, = (2e—a)(1 — 0) 4 
c—a 
Dy = 2aq + (1 + 6)(1—e 53 i 
The determinant of the system (2.13) is: 
A = A,B, — A,B, = 2S" a 4 SSF (2.15) 
The auxiliary determinants are: 
a 2 
A, = D,B,— BD, ==" [Ra + (14a +8) (14-Z)), (2.16) 
vol thea R = 4 (ab — bc +- ca), (2.17) 
and 
Ay = A\D,— AgD, = (1 — 0) [Qq + 2¢ C4 EHO) | (2.18) 
where 
c(a—b 2ab 
Q=2[a—b+c°C— Dt), (2.19) 
Since 
ch? 2F — sh? 27 =— yy (230) 
we can write 


(here it is naturally assumed that A # 0). We substitute §2.15), 
(2.16) and (2.18) into (2.21), and cancel the factor 1 - @ » cOmmon 


to all determinants, assuming that 
‘ah ah (2.22) 


(thereby excluding the roots 6 = tl from the solution). As a result 
we obtain, grouping the coefficients of the q® terms: 
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Zin = Zcthyl + Zz. Bib ie LSE ° (3.2) 
1+i_®thyl 


7 
r 


=e 


Expression (3.2) is the equation of a circle diagram, of the form: 


oP Gar oteae (3.3) 
oe x+y 
Further computations require an expression for the radius of a 
circle diagram. For this purpose let us recast circle-diagram equa- 
tion (3.2) in the following form: 


Zin=Zy+R(1 + el2), (3.4) 


where Wis a function of X' and R is a vector whose modulus equals 
the radius of the circle. H 

To find suitable expressions for R and Y, let us effect the 
following transformations: let thy/=“i® . We multiply and divide 
the second term of (3.2) by ¢!®; 


Zi, = Z,cth yl + Z, i ea (3.5) 


Let us make the substitution eid = cos @ - i sin ® and re-write 
the last equation in the following form: 


(i e—i28 { 


Zin = Ze cth i + Ze tcos 0 ; , sin 0 —(X,t/Z,) : (3.6) 
se, cos 8 
We put 
p OR = Z fea ) 
a ht OOS 8 { 
sin —.(X,,t /Z.) Gee) 
= cos 6 } 


Substituting (3.7) in (3.6) and using Euler's equation for tg Y, 


Z, 
th 2p0 = —= 
we obtain an equation of the same form as (3.4): 
Zi, = Zecth yl + R(t + e%), (3.8) 


The location of the center of the circle is determined by the vector 


sum; / 
00, = Z.cthy/ + R. 


After carrying out the vector addition, we get: 


Z, (\ th yi? + 1) 


2 Re (th yi) (3.9) 


‘00, = 


It follows from (3.9) that the center of the circle lies on the real 
axis. From (3.2) we have: 
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1) in case of a short circuit (Xj = 0) /H stands for Load/ 
Zin = Ze thyl = Zite'® , (3.10) 


2) in case of an open circuit (Xp - ©) 


’ , ae) 
Ziq = Z,cthyl = Z,~_ , C2211) 


i.e., the lines Z, and Z, Ree ae and Zonen o/ are symmetrical 


with respect to the real axis (Fig. 9). 

From the familiar geometric theorem concerning the tangent OC and 
secant OD we have: OC“ = OB-OD = OA-OD. The segments OB and OA are 
equal because the angles AOO, and DOO, are equal. Therefore, we get: 


OC? = Z| thyl|-Ze|cth | = (Z,) 
and ; 
OC = 2, 
To determine the attenuation constant of the line let us substitute 
for thYl in (3.9) the following equations: 


sh? 26/ + sin? 2a 


jth yd f= epee sine ee (3.12) 
and 
sh 261 
Re (th = ch 281 + cos2al ° (3.13) 


Substituting (3.12) and (3.13) in (3.9), and denoting |00,;=a , we get: 


sh?26l + sin? 2a/ 
, (ch 261 + cos 2al)? 
a=Z, 2 sh 261 
ch 261 + ces 2al 


+1 


From this we find that 


a a = Z,cth 261 
VA 
th 261 = —. (3.14) 
a 
Using the relationships: 
thx 4 Pol Say 
hes, chase —, (Z,)) = a? — Ai, 
spe = oe 
other expressions can be given for BL 
sh 287 = fe (3.15) 
and 
ch 26] = —, (3.16) 


R 
General Case 


We assume the wave impedance of the line is complex: Z,=|Z.|e'* 


In this case, (3.2) can be rewritten: 
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Zn=Zecthl + |Z. el% 
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Fig. 9. Circle diagram with 
active (purely resistive) Fig. 10. Circle diagram with com- 
characteristic impedance _ plex characteristic impedance 


To bring this expression into the same form as (3.4), we multiply and 


divide the second term by ei(é-—®); 


, : , t 
Zin = Zcth yl + |Z, |e! —_+_— 
el(8o—0) 4 tn! 
|Z, 
Let us make the following substitution: 
el(8c—9) — cos (é, — 0) + isin (6, — 0) 


and transform 


t t , 2 —i20 
Pye eee heen ee ee 
i e CL 4 c tcos (0—8,) 1 Si 8) — Aut Ze (3.18) 
wi cos (0 — 8.) 
Let us put: 
9 —i20 
Fu apy oe eee 
2R=|Z le Pe abet 7 (3 39) 


to) = sin (0 — 3,) — (Ky! I | Z.) I) : 
> 7 cos (0 — 8) Cs ye) 


Substituting (3.19) and (3.20) into (3.18), and carrying out exactly 
the same transformation as in the particular case described above, 
we obtain: 


Zi, = Ze ethyl + RUA + et, irs. 


where R and Y are now determined from (3.19) and (3.20). 
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Let us find the radius vector that determines the location of 
the center of the circle (Fig. 10): 


| 2’, |(ce!?8c +1) 


00, = Z,cthyl + R= Srcos(0—8,) * (3.21) 
Equating (3.21) to ae+? we finally get: 
’ 128 
pry eee tt) (3.22) 


2tcos (6 — 8,) , 


Equating the real and imaginary parts of (3.22) we obtain two equa- 
tions, which together with the expression for the modulus of R yield 
three equations for the four unknowns Z,, t, §_ and @. 


_ 7 Vt — 20 cos 26 + 1 3.23 

R= |2Zo| 2tcos (0 — 8.) : ( ) 
,, tcos 28, + 1 

acos? =|Zelrros@—8y” (3.24) 

: ' M@sin2$ 

asing =| Z| soos 8) : (3.25) 


ee is known from another experiment, this system permits solving 
for B anda. 


Solution of System of Equations (3.23) - (3.25). We invoke 
the relationships: 


2. _ch 2 Bl — cos 2al 
elas ch 281 + cos 2al Mi (S222) 
ee Te sh 261 
tcosé@ = Re(thy/) = diel essa (3.27) 
‘ Sin 2al 
tsin 6 =Im(th y!)= —j gers cos Dal (3.28) 


Substituting (3.26) - (3.28) into (3.23) we get 
|Z. | 

sh 201 cos 8, + sin 2a/ sind, 

if §, = 0, we have sh 2B = Z4/R; which is identical with (3.15). 

Transformation of (3.24) yields 


R= (3.29) 


2 ch 26/ cos? 8, + 2 cos 2al sin? 8, (és 30) 


2acos¢ =|2Z-| —shopicoss, + sindalsind, 


From (3.25) we find that 


(ch 282 — cos? al) sin 28, 


2asing =|Ze| pogrcos8, + sin dal sin 8, Se 

Substituting from (3.29) in (3.30) pnd. Csc01);: 
acos 7 = R (ch 281 cos* 6, + cos 2al sin? 6,), (3-32) 
a sine = R (ch 28l cos 6, sin 6, — cos 2al cos 6, sin 6). 5 Bs 


When P= 6, = O, we obtain from (3.32): 


“eo 2 
ch 267 = —— 
‘ R , 


OR 


which is identical with (3.16). From (3.32) we have: 
acos 9 == I? (ch 281 — cos 2al) cos? 8, + R cos 2al. (3.34) 


Multiplying (3.33) by ctg 66 and subtracting (3.34) from the product: 


a sin gctg6, —acosy = — R cos 2al. 
Hence: 


a sin(s,— 
cos 2a/ = — (Ge — 9), 


ee meet ae (3.35) 
Now, let us rewrite (3.32) as follows: 


a cos ¢ = R (ch 282 — (ch 287 — cos 2a/) sin? 8,]. (3.36) 


Multiplying (3.33) by tg ye and adding the product to (3.36): 


asing tgo, + acosg = Ach 26l. 
From which we get 


a cos (8, — 9) 
ch 23/ = +: ~cos8; (32,079 

Equations (3.35) and (3.37) are identical with (21) and (20), 
the equations used to determine the propagation constant from the 
circle diagram and the argument of the complex characteristic impe- 
dance. 
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TEMPERATURE DEPENDENCE OF THE ELECTRIC RESISTIVITY OF FERRITES 
- A. P. Komar and V. V. Kliushin 


Purpose of the Investigation 
St clea alienate aonb a clead. lla teedtet 


It is known that in pure metals ferromagnetic transitions are 
transitions of the second order, but even in metallic alloys there 
can already be cases when the manifestation of ferromagnetic proper- 
ties is connected with transitions of the first order. 

Ferromagnetic transitions are accompanied by anomalies of the 
thermal, galvanometric and other properties of the material. Some 
of these anomalies have also been investigated in the new ferromag- 
netic materials: ferrites. Ferrites are known to exhibit a specific 
heat anomaly (Ref. 1) and an anomaly of the coefficient of linear 
expansion (Ref. 2). These anomalies indicate that in ferrites, fer- 
romagnetic transitions are transitions of the second order. In metal- 
lic ferromagnetics there is also observed a marked alteration of the 
temperature dependence of the electric resistivity at the Curie point. 
Detection of a similar effect in ferrites, which are semiconductors, 
would be of undoubted interest. The temperature dependence of the 
electric resistivity of ferrites is described by an equation of the 
form R = Ae4E/kKT (Ref. 3) where the values of A and E change little 
in the narrow range of temperatures within which the resistivity is 
commonly measured. In the vicinity of the Curie point, however, A 
and E may undergo a sudden change in connection with the disappearance 
of spontaneous magnetization. This is a distinct possibility in view 
of the fact that the short-range order of the metallic ions of dif- 
ferent valences changes at the Curie temperature. 

The purpose of the present investigation was to determine the 
temperature dependence of the electric resistivity of ferrites in 
the range of ferromagnetic-transition temperatures. 


Measurement Procedure 


The ferrites investigated included nickel, copper and manganese 
ferrites with molar proportions of the oxides amounting to 90:50, 
50:50 and 45:50 respectively, and a number of mixed nickel-zinc 
ferrites of different compositions. The specimens were in the shape 
of cylinders 8 mm in diameter and up to 50 mm in length. 

The temperature dependence of the resistivity was determined by 
the compensation method with the use of probes. The contacts were 
formed by the application of silver at 850°C. The temperature range 
of measurement for the simple ferrites was 300 to 1000°K; the range 
for the nickel-zinc ferrites was 200 to 500°K. 

TO prevent the true temperature dependence of the resistivity 
from being obscured by the magnetocaloric effect and various other 
transition processes, the ferrite specimens were cooled slowly and 
heated in stages. The resistance was measured at each set temperature 
only after complete temperature equilibrium between the specimen and 
the surrounding medium had been established. This method insured 
coincidence of the temperature-resistivity curves obtained both in 
heating and in cooling. 

A special thermal chamber was constructed for making measurements 
above 0°. 


Be «ly Pte 


The principal experimental error was due to temperature fluctua- 
tions. The temperature was maintained constant within 1° in measur- 
ing the resistivity of the simple ferrites and within 0.2° of the 
set point in the case of the mixed ferrites. The percentage error 
in measurement did not exceed 7%. 

Data regarding the Curie points of the simple ferrites were taken 
from Refs. 3 and 4. The Curie points of the mixed ferrites were de- 
termined experimentally. 


Experimental Results 


The results of the investigations showed that there is a break 
in the loge = f(1/T) line in the vicinity of the Curie point and 
that above the Curie point the R = Ae4E/KT law, characteristic of 
semiconductors, holds for ferrites. 


J 

2 

1 

tf, 26. eee 4 51 iy 

i 

Fig. 1. Temperature dependence of Fig. 2. Temperature dependence 
the electric resistivity of simple of the resistivity of nickel- 
ferrites: 1) nickel, 2) copper, zinc ferrites: 1) specimen having 
3) manganese ferrites. a 170°C Curie point, 2) specimen 


having a 105° Curie point. 


The break in the curve for nickel ferrite (Fig. 1) comes at 
595+59C. According to data in the literature the Curie point tempera- 
ture for this ferrite is Of = 590°C. For copper ferrite the break is 
observed at 480+5°C (@¢ = 480°C) and for manganese ferrite, at 
S35¢5°C (Of = 3150C). The Curie point for manganese ferrite obtained 
from resistivity measurements is lower than that given in the litera- 
ture, due to its deviation from the stoichiometric composition. 

A change in the temperature dependence of the resistivity in the 
vicinity of the Curie point is observed in the case of nickel-Zinc 
ferrites as well. The experimental results for nickel-zinc ferrites 
with Curie points at 100° /105° under Fig. 2!/ and 170° are shown in 
Fig. 2. In order to obtain more dependable results (i.e. additional 
points for the curves) the resistivity measurements on the nickel- 
zine ferrites were extended into the region below 0°C. It will be 
noted that the effect in nickel-zinc ferrites is weak. Hence, it is 
not surprising that Smolenski (Ref. 3), in view of the inadequate 
accuracy of hiS measurements, failed to note the resistivity anomaly, 
although he did deduce the correct law for the variation of the re- 
sistivity with temperature. Thus, we have definitely established that 
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the temperature dependence of the resistivity of the investigated 
ferrites does change at the Curie point. 

Before attempting to connect this change with the appearance 
of spontaneously magnetized domains, we must make sure the observed 
results are not simply a consequence of spontaneous magnetostriction. 
In order to evaluate the influence of magnetostriction, = f(T) 
measurements were made on nickel ferrite specimens of different 
Shapes. The temperature dependence of the resistivity proved to be 
the same regardless of shape. The influence of strictive changes in 
the dimensions of the specimens was evaluated by simple calculations 
for nickel ferrite, since this ferrite exhibits considerable volu- 
metric striction. For the calculation we used the magnetostriction 
at 20°C; at this temperature Al/l = =1% 28510-- (Ref. 2). The calcu- 
lations showed that the change in resistivity due to strictive changes 
of the dimensions of the specimen is less than 1%, whereas the ob- 
served changes in resistivity below the Curie point were of the next 
higher order of magnitude. 


Discussion of Experimental Results 


The noticeable change. in the temperature dependence of the elec- 
tric conductivity in the vicinity of the Curie point indicates that 
in this temperature region there is a change in the conditions govern- 
ing the appearance and continued existence of conductivity electrons. 
The decrease in the value of the energy term in the exponent of 


Ae et shows that the availability of free electrons is increased; 
an increase in the magnitude of A is connected only with a change in 
the ordering of the metallic ions of different valence in the ferrite 
lattice. This change in the ordering can be manifested in a change 
in the degree of inversion of the ferrite structure or in the valence 
of the ions located at the different lattice sites. 

The exact nature of the changes can be determined only through 
X-ray analysis. 


Conclusions 


1. An investigation of the variation of the electric resistivity 
of ferrites with temperature above and below the Curie point showed 
that the R = Ae®E/KT holds both above and below this point, which is 
in conflict with the data of Bochirol (Ref. 5) but in agreement with 
the findings of Smolenski for nickel-zinc ferrites (Rei; 

2. It was also found that the magnitudes of A and E change in 
the vicinity of the Curie point. 

In conclusion, the writer wishes to thank N. M. Reinov for his 
help in the investigation. 


Physico-Technical Institute of the Received 
Academy of Sciences of the USSR 3 May 1954 


Bibliographic References 


et Poawiro!, C.R., 232, 147% (1951). 

St Wei CR, 451, Jee 11950)’. 

3. G.A.Smolenski, Izv.(Bulletin) AN SSSR,Ser.fiz., 16, 728 (1952). 
. A. Michel, Chaudron & Benard, Jorn. phys. et rad,, 125 169 C1951) . 
ef, Beehive, OR. 5-232, 736 (1951). 


s 
_ 


a 

Retin? weg 5 a 
oe ms ; 
dalyiat 


gente wet et > 


wf > Tl <= Ti@ome 
= fi | See le ‘es ous ory. 


oS Ss: Geaivyis-cea so erhwuaet 
2¢@ 6:s9 ul ¢e*enwwee 
deze ofS Gouee 

; . ai ¢-—@428 Gas 

7. &e£e8dt 229 

a'si.ceaee 


7 y ie 23 6fe@ ; 
oa > 
= oa om ae 
= 7 — _ ¥e3 : I 
- = 9 a Gul ® Jen 


=  & 7 wT Ree 
a welsial . 


See a (£31 eau 
=o 2 _ Sie 


ee 
= ~ 
a a 
‘ a | 
“ st? Ve ee 
i met 


a. 


-~ 


aay sane 


pm 


- 99 - 


A. Il. KOMAP u B: B. KJUOWMH 


IMODERT POJIBATAMMEPA—TOMCOHA B ®MEPPHTAX 


THE GOL'DGAMMER-THOMSON EFFECT IN FERRITES 
- A. P. Komar and V. V. Kliushin 


In ferromagnetic metals and in certain alloys the variation of 
the electric resistivity - the so-called Gol'dgammer-Thomson effect 
(Translator's note: See last article in this Bulletin) - with tech- 
nical magnetization has different Signs in transverse and in longi-. 
tudinal fields. In the region of the para-process the resistivity of 
ferromagnetic materials always decreases. For most ferromagnetics 
the dependence of the Gol'dgammer-Thomson effect on the magnetization 
is quadratic. The purpose of the present study was to investigate 
the effect in ferrites and to determine whether there is any connec- 
tion between the variation of electric resistivity with the magnetic 
field and the magnetization. 


Experimental Procedure 
on tcc abl eh xn ndian ohare 


Specimens of nickel, copper and nickel-zinc ferrites in the form 
of cylindrical rods 8 mm in diameter and 20 to 50 mm in length were 
investigated; the resistivity measurements were made by the compensa- 
tion (bridge) method with the use of probes. The applied magnetic 
field was varied from 0 to 10,000 oersteds. The measurement error 
in the 200-400 oersted field range did not exceed 10-15%; in stronger 
fields the probable error was 5-8%. 

In addition to the Gol 'dgammer-Thomson effect, the magnetization 
of the ferrite specimens in the section between the probes was deter- 
mined by the ballistic method. 


Experimental Results 


The results of the measurements for nickel ferrite, shown in 
Fig. 1, indicated that in this ferrite the sign of the effect is 
negative both in transverse and in longitudinal fields. Analogous 
results were obtained for the copper and nickel-zinc ferrites. 

Thus, Akulov's second rule of even effects, according to which 
the transverse and longitudinal effects in the region of technical 
magnetization differ in sign and are related by the proportion 


lA 
a Sie zoe does not hold for these ferrites. The identity of 
sign for alloys has already been observed by Komar and Portiagin 
(Ref. 1). Similar results for a chromium-tellurium alloy were re- 
ported by Fakidov, Grazhdankina and Kikoin (Ref. 2). An explanation 


of these results, based on taking into account the higher~-power terms 
in Akulov's anisotropy law, has been given by Vonsovski (Ref. 3). 
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In general, departures from the second rule of even effects 
are possible in the following cases: 

1) in the presence of volumetric effects; in this case, as has 
already been noted, it is necessary to take into account not only 
the second power terms but also the higher even-power terms in 
Akulov's expression for even effects: 


Ac = K, BD Sige + K, D)55/8:8; a K, >) $38? + oe 
tent, 2,3 i+j i+j 

in this case, too, the third anisotropy constant Kz # 0; 

2) in case the para-process exerts a strong effect; 

3) in case the specimen exhibits structure. | 

The investigated specimens showed no structure, hence the last 
alternative could be eliminated. In order to determine which of 
the first two causes was primarily responsible for the departure from 
Akulov's second rule, we investigated the dependence of the galvano- 
magnetic effect in question on the temperature. Comparative curves 
for the variation of A@/O as a function of the field H in nickel 
ferrite at 20° and 140°C are reproduced in Fig. 1. It will be noted 
that the absolute magnitude of both the transverse and longitudinal 
effects decreases with increasing temperature. 


A Oe 
a 200° 408 600 800 1000 


Fig. 1. Dependence of the resisti- 


vity of nickel ferrite on the Fig. 2. Dependence of the gal- 
field intensity and on temperature: vanomagnetic effect on tempera- 
Curve 1 - longitudinal field; ture in nickel-Zinc ferrite 
Curve 2 - transverse field. (Curie point, Of = 150°C). 


Similar measurements were made for nickel-Zinc ferrite at differ- 
ent temperatures up to the Curie point (0 = 150°C). The results, 
depicted in Fig. 2, show that the magnitude of the effect is very 
small near the Curie point. The A@/e curves for ferrites show no 
maximum such as that exhibited by the curves for invar type alloys 
investigated by Belov (Ref. 4). This indicates that the part played 
by the para-process is insignificant. The maximum of the even effect 
in invar alloys was observed to occur in consequence of a strong para- 
process; Belov holds that the deviation from the second rule of even 
effects in the case of invar alloys is due to the influence of the 
para-process. Inasmuch as in ferrites the influence of the para- 
process is negligible while the spontaneous volumetric magnetostric- 
tion is appreciable (Ref. 5) it may be concluded that the principal 
reason for the departure from the second rule of even effects is 
the influence of magnetostriction. It will be noted that in Akulov's 
anisotropy law the factor determining the magnitude of the third con- 
stant,K, # 0,is precisely the magnetostriction. 


re LOL = 


In addition to measuring the galvanomagnetic effect, we also 
Obtained the basic magnetization curves for the specimens for the 
purpose of determining the nature of the connection between the 
Gol 'dgammer-Thomson effect and the magnetization. Both the negative 
Sign of the effect (the decrease with increasing field intensity), 
characteristic of ferromagnetic materials (Fig. 1) and the evident 
approach of the magnitude of the effect to a saturation value with 
increasing field strengths (Fig. 2) prove that some such connection 
exists. In the range of technical magnetization the variation of 
4°/e with the magng tization is complicated, conforming neither to 
tne—-l~ nor to the I* law. 

As the applied field is increased up to 10,000 oersteds the sign 
of both the transverse and longitudinal effects remains negative for 
all the investigated ferrites. In nickel ferrite the magnitude of 
4Pe/e approaches a saturation value as the field is increased (Fig. 3). 
In very strong fields the dependence of the galvanomagnetic effect 
On the magnetization approaches the quadratic law (Fig. 4). 


0 5000 H,0€ yygg 


Fig. 3. Dependence of electric re- 
Sistivity of nickel ferrite on 


the field intensity in the case Fig. 4. Dependence of the galvano- 
of magnetization in a strong field: magnetic effect in nickel ferrite 
Curve 1) longitudinal field; On the degree of magnetization: 

Curve 2) transverse field. 1) longitudinal effect; 2) trans- 


verse effect. 
Conclusions 


1. In ferrites the sign of both the transverse and the longi- 
tudinal Gol'dgammer-Thomson effects is negative (i.e. both effects 
decrease with increasing field intensity). 

2. In view of the minor influence of the para-process, the de- 
parture from Akulov's second rule of even effects iS apparently due 
primarily to volumetric magnetostriction. 

3. The variation of the galvanomagnetic effect as a function of 
the technical magnetization is complicated (i.e. follows no single 
consistent law). 


Physico-Technical Institute of the Received 
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ICCJIEJIOBATILLE TEMUEPATYPHOL SABILCIEMOCTH 
CAMONPOLL3BOJIDEOIL HAMATHILYEHIOCTH HMELMOTOPDIX 
WMEPPHTOB IPH HUSRIX TEMILEPATY PAN 


AN INVESTIGATION OF THE TEMPERATURE DEPENDENCE OF THE SPONTANEOUS 
MAGNETIZATION OF CERTAIN FERRITES AT LOW TEMPERATURES 
-~ A. P. Komar, N. M. Reinov and S. 58. Shalyt 


At the present time there is a great deal of scientific interest 
in the physical properties of a special class of ferromagnetic semi- 
conductors: ferrites. ; 

The object of our investigation was to determine experimentally 
the temperature dependence of spontaneous magnetization of ferrites 
at low temperatures, i. e. in the temperature range in which ferrites 
most clearly evince their semiconductor characteristics. 

The theoretical aspects of the problem were investigated by 
Vonsovski and Agofonova (Ref. 1). Their treatment, based on a polar 
model of ferromagnetic semiconductors, taking into account excitons, 
leads to a temperature dependence of the spontaneous magnetization 
in the vicinity of absolute zero having the form: 

ie AF 


= ce Saf) sah he Tp Ter), 


where the first term is the usual dependence for the exchange model, 
the second term is a correction due to the admixture of polar states 
and the third term results from taking into account the excitons 
(AE is the excitation energy of an exciton). 

Hence, according to this theory, if the magnetic moments in fer- 
romagnetic semiconductors are determined to any appreciable extent 
by the excited states, i.e. the excitons, then in the region of suf- 
ficiently low temperatures the J(T) curves for such materials must 
differ markedly from the analogous curves for ordinary metallic fer- 
romagnetics; that is, such materials should exhibit two Curie points: 
the ordinary Curie point at a relatively high temperature, and 
another at a low temperature. 

The experimental investigation of the magnetic properties of a 
large number of different types of simple and mixed ferrites in the 
temperature range from the Curie points to 20°K, carried out by 
Pauthenet (Ref. 2), disclosed no anomalies which could be attributed 
to magnetization dve to excitons. 

In view of this, it appeared worthwhile to extend the investiga- 
tion of spontaneous magnetization into the range of the lowest attain- 
able temperature. 
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Experimental Procedure 


The magnetic moments of the ferrite specimen, which had the 
shape of an ellipsoid (a = 12 mm and b = 5 mm), were measured by 
the ballistic method. To this end two pairs of flat coaxial coils 
(r; = 50 mm, ry = 120 mm), with the windings (n, = 400 turns, 


no = 160 turns) connected in opposition to compensate for fluctua~ 
tions in the electromagnet supply current, were mounted directly on 
the polepieces of the electromagnet. The 
specimen holder was located in a glass Dewar, 
inserted into a second, larger Dewar CFA go geh 
The inner Dewar was filled successively with 
liquid nitrogen, hydrogen and helium. When 
helium was used in the inner flask, the outer 
Dewar was filled with liquid nitrogen. The 
temperature of the specimen was determined on 
the basis of the liquid used and the vapor 
pressure above it. For temperatures above 
room temperature an electric heater was in- 
stalled between the polepieces instead of the 
Dewars. A special mechanical device (shown 

in Fig. 1) was provided for withdrawing the 
specimen from the system of ballistic coils so 
as to insure that the withdrawal time would be 
constant and much shorter than the period of 
the galvanometer. The specimen holder of non- 
magnetic material terminated at its upper end 
in a toothed rack which engaged a gear wheel 
by means of which the specimen and holder were 
lowered into the center of the system of coax- 
jal coils. Lowering the specimen and holder 
compressed a helical springs -[he specimen was 
retained in the down position by a catch. When 
the catch was released the spring quickly pulled 
1 — the specimen out of the system of coils, the 
Rees return (withdrawal) time for each successive 

: measurement of the magnetic moment being con- 


SY stant within the limits of the required accur- 
acy. 
Rie. 1. Set-up for The magnetic field inside the system of 
measuring magnetic coils was calibrated by the ballistic method 
moments by means Of a special induction coil with a 


known area of turns and a standard solenoid. 

To permit allowing for the effect of magnetic reflection in the 
iron polepieces, the variation of the sensitivity of the ballistic 
system with the intensity of the nagnetic field was determined. For 
this purpose a coil having a known area of turns and the geometric 
dimensions of the Specimen was mounted in the holder in place of “the 
specimen. Passing a known current through this coil provided a "stan- 
dard" magnetic moment whose magnitude was indepenaent of the external 
facia. ) This, standard” coil was used to calibrate the ballistic 
system of coaxial coils to permit determining the absolute magnitude 
of the magnetic moments of the investigated specimen. 


Results 


The experimentally determined magnetization curves for a nickel- 
zinc ferrite specimen (Composition: Fe 903-0.6, NiO-0.4,Zn0) at 
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different temperatures are shown in Fig. 2. After forming, the 
specimen was roasted at 1350°C and then cooled slowly to room 
temperature over a period of six hours. As may be seen from the 
curves, saturation was attained at external field intensities of 

H. = 3000-5000 oersteds (the magnetization of the specimen is scaled 
along the Y-axis in arbitrary units). 

The temperature dependence of the saturation magnetization for 
nickel-zinc ferrite in the temperature range from the Curie point 
down to 1.3°K is shown in Fig. 3. Here the relative temperature - 
i.e., the ratio of the absolute temperature of the specimen to the 
Curie temperature - is laid off along the X-axis. The Curie points 
were taken from Pauthenet's data (Ref. 2). For the investigated 
nickel-zinc ferrite the Curie temperature is 618°K. The Y-axis in 
Fig. 3 is laid off in ratios of the magnetization of saturation at 
the given temperature to the saturation magnetization at O°K. The 
latter was determined by extrapolating the experimental curves to 
absolute zero. The curve in the upper part of the figure shows the 
variation of saturation magnetization with the absolute temperatures 
in the vicinity of O°K. 


~ MIs, 
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G5 
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a 2 4: 6: 8107 H,0e 
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the temperature range from Curie 
point (618°K) to 1.3°K. Top curve: 
saturation vs absolute temperature 
in the vicinity of 0°K. 


different temperatures 


The results of preliminary measufements on a nickel-zince ferrite 
specimen, having a low nickel content (Fe,03-0-1 NiO-0.9 ZbO), indi- 
cate that for this ferrite, too, the saturation magnetization in- 
creases monotonously with decreasing temperature down to Teock. 


Conclusions 
pa dha cibae ncaa 


The results of our investigation show that the variation of the 
spontaneous magnetization of nickel-zinc ferrites with temperature 
is normal down through the temperature range from the Curie point 
to took, 1.¢., there is no evidence of a decrease in the saturation 
magnetization at very low temperatures. 


Physico-Technical Institute of the Received 
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DETERMINATION OF THE TEMPERATURE DEPENDENCE OF THE ELECTRIC RE- 
SISTANCE OF NICKEL-ZINC FERRITES 
- A. L. Frumkin and S. D. Kholodnyi 


The absolute magnitude and the temperature dependence of the 
electric resistance are important characteristics of ferrites. 

That the resistance of ferrites is connected with or influenced by 
their other properties is indicated by the fact that both the re- 
sistance and the magnetic properties change Simultaneously at low 
temperatures (Ref. 1), by the equality of the values of the activation 
energy determined from the temperature dependence of the resistance 
and from the dielectric constant (Ref. 2) and by other observed data. 
In practical applications the resistance itself is an important 
characteristic inasmuch as it determines the eddy-currents loss. 

The resistance of ferrites, like that of certain other semicon- 
ductors, depends on their composition, the method of sintering and 
cooling and the medium in which the thermal treatment is carried out. 
Thus, an increase in the proportion of FeO leads to a decrease in 
the resistance. Rapid cooling results in a ferrite with low specific 
resistance and a low activation energy: the activation energy of a 
quickly cooled specimen may be half that of a slowly cooled specimen 
of the same composition (Ref. 2), while the resistance may be two 
orders of magnitude lower (Ref. 3). 

All investigators report that the variation of the resistance 
with temperature is an exponential function in a wide temperature 
range. The resistance-temperature curves for both increasing and 
decreasing temperatures coincide up to 200-250°C.. The conductivity 
of ferrites is electronic in character (Ref. 4). 

Measurement of the resistance of ferrites presents some diffi- 
culty due to contact effects. To obtain a good contact the surface 
of the ferrite must be metallized by cathodic deposition in a vacuum, 
by burning-in or by a combination of cathodic and electrolytic depo- 
sition of a noble metal. 

In the laboratory of the Department of the Theoretical Bases of 
Electrical Technology of the Moscow Energetics Institute, Imeni 
Molotov, we measured the specific DC resistance of Grade 0-1000 and 
0-2000 ferrites and determined the variation of the resistance temp- 
erature. 

Our specimens Nos. 1001, 1002, 2001 and 2002, received from the 
N. N. Shol'ts Laboratory, were in the form of square-section (10 x 
10 mm) rods, 30 mm in length. Measurements on the first three were 
made in the temperature interval from 20 to 70°C; those on No. 2002 
extended over the 20-150° interval. 

The results given below were obtained by the potentiometer method 
of resistance measurement. At the same time, in order to compare 
the quality of different electrodes, we also measured the resistanee 


by the ammeter-voltmeter method. 
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The error in measuring by the potentiometer method did not 
exceed 5%; the principal source Of error was the non-uniform dis- 
tribution of current over the specimen which is most noticeable in 
the case of short specimens. The possibility of any appreciable 
errors due to incomplete heating through of the specimen, to heating 
of the specimen by the measuring current or to inhomogeneity of the 
temperature field of the thermostat may be discounted. 

The functional dependence of the resistance of the specimens on 
the temperature was found to have the form common to semiconductors, 


ee 
paper F- Ti 

This is in agreement with the data given in Ref. 1. 

At 19°C the measured resistances were 32,000 ohm-cm for specimen 
Sheed 3450 ohm-cm for No. 1002 and 1400 ohm-cm for Nos. 2001 and 

For all samples the value of the activation energy E was close 
to 0.23 ev, the value of B (=E/K), close to 2800°C and the magnitude 
of the temperature coefficient, close to 0.03. 

With weak currents - i.e. when the power dissipated in the speci- 
men did not exceed 10 m W cm73 - the specimens gave no indication 
of non-linearity. With heavier currents non-linearity, due to heat- 
ing, appears and the V-i curve falls off. Resistance measurements 
on other ferrite specimens, having a higher resistance, showed_ no 
departure from linearity up to potential gradients of 1 kV cm’. 

We also measured the thermoelectromotive power gi sample No. 1002 
with respect to copper and found this to be 1 + 10° v/°c. This in- 
dicates that the conductivity is electronic, which is in agreement 
with Smolenski's data (Ref. 4). 

In using the potentiometer method we became convinced that in 
applying this method it is essential to use “probes' making contact 
with the entire periphery of the specimen rather than just touching 
it at one or more points, as is the case when knife-edge probes 
(contacts) are employed. Use of peripheral contacts minimizes the 
influence of non-uniform current distribution over the specimen. 

In determining the temperature dependence of the resistance of 
several specimens, placed side-by-side in the thermostatic chamber, 
there is no need to have special potentiometer clamps for each 
specimen: we successfully used contact wires wrapped around each 
specimen. The method of processing the results eliminated the neces- 
sity of accurately measuring the distance Ll between the potentiometer 
probes (clamps) for each observation. The procedure consisted in 
obtaining a number of temperature dependence curves for each speci- 
men, differing from each other by constant multiples of the roughly 
determined value of Ul and then reducing these to a single curve pass~ 
ing through the accurately determined resistance at some known temp- 
erature. 

Although the resistance Can be determined by the potentiometer 
method which eliminates the influence of current contacts, the matter 
of providing high-quality electrodes (contacts) is extremely important 
for other measurements (for example, for measuring the dielectric 
constant). 


The electrode-ferrite resistance depends on two factors, 1) the 
actual metal-to-ferrite-surface contact resistance, whose magnitude 
stems from the fact that the contacting surfaces are not ideal planes 


and 2) the resistance of the ferrite surface layer, which, presumably, 
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forms during thermal treatment. The resistance of this surface 
layer is very high. Thus, the resistance of a specimen as measured 
by the ammeter-voltmeter method dropped to less than one hundredth 
the initial value after removal of the surface layer. Hence, it 
can be asserted that good contact with the material proper cannot 
be secured by metallizing the ferrite surface unless the surface 
layer is removed beforehand. 

Most methods of metallizing are rather complicated and require 
special equipment. We were able to obtain a good covering of the 
ferrite surface with a relatively low specific resistance by the 
following procedure. A layer of copper was first deposited on the 
ferrite electrolytically, then this coating was tinned and finally 
the wire lead was soldered to it. However, it is virtually impos- 
sible to deposit a uniform layer of copper on specimens, having high 
specific resistance. 

When great accuracy is not required, satisfactory results may 
be obtained by coating the contacting surfaces of the ferrite speci- 
men with a Suspension of graphite or acetylene black in some suit- 
able liquid, such as glycerin. With a properly prepared suspension 
the error will not exceed 30% and may be considerably smaller. How- 
ever, such coatings can only be used at temperatures which preclude 
rapid vaporization or carbonization of the liquid. 

Other methods of metallizing, such as silvering, for example, 
do not always yield satisfactory results. Hence, when metallizing 
is employed it is essential to check the quality of the contacts. 
One possible check is to test the specimen for non-linearity, since 
ferrite itself apparently does not exhibit non-linearity. The check 
test should be carried out uSing weak currents to avoid the appear- 
ance of non-linear effects due to heating. The quality of the con- 
tacts may also be checked by comparative tests on specimens of dif- 
ferent lengths. 

In attempting to copper plate the No. 1002 ferrite specimen 
(@= 3450 ohm-cm), we discovered that the copper was being deposited 
in spots rather than in a uniform layer. When the plating was re- 
peated after cleaning and grinding the ferrite surface with an emery 
stone the spots reappeared at the same locations. The process was 
repeated several times and the overall spot-pattern was found to 
ehange littie, if at alli. 

Possibly ferrite is a macroscopically inhomogeneous material, 
having regions of different conductivity. This supposition is sup- 
ported by the fact that exploration of the surface of the specimen 
with a contact needle discloses areas of different conductivity. 

The question of the possible macro-inhomogeneity of ferrites 
unquestionably merits further investigation. 

Our investigation was carried out at the suggestion and under 
the supervision of K. M. Polivanov. We were constantly helped by 
fan ROLL) and §. N. Andreev. 
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INFLUENCE OF A HIGH-FREQUENCY FIELD ON THE ELECTRIC RESISTANCE, OF 
FERROMAGNETIC MATERIALS - R. A. Dautov 


Introduction 


It is known that spontaneous magnetization may have an appre- 
ciable influence on the temperature dependence of the electric, 
magnetic and other properties of ferromagnetic materials. Further- 
more, the properties of a ferromagnetic substance may be affected 
(through changes in the magnetization) by the external magnetic field, 
by external mechanical forces and, in the case of alloys, by the de- 
gree of ordering (Ref. 1). 

Russian and Soviet physicists have long studied these peculiar 
properties of ferromagnetics. Thus, Gol'dgammer, back in 1889 (Ref. 2), 
noted that the electric resistance of metals in the ferromagnetic 
state (at T< 0, where @ is the Curie point) varies as the square of 
the spontaneous magnetization. 

The most thorough investigation of the Hall-Kikoin transverse 
galvanomagnetic effect in ferro- and paramagnetic materials has been 
made by Kikoin (Ref. 3), who established that the Hall voltage is 
determined not by intensity of the applied external field but by the 
degree of magnetization of the metal. Not long ago evidence was 
found of a break at the Curie point in the photoelectric current - 
temperature curve for ferromagnetics (Ref. 4). 

The physical nature of these "anomalies" in the behavior of fer- 
romagnetic materials has been clarified by the theory developed by 
Vonsovski and his colleagues (Ref. 5), who base their treatment on 
the s-d-exchange interaction model. 

According to the calculations of these authors, the intensity 
of the Gol'dgammer effect {change in resistance with magnetization/ 
among others, should vary directly as the square of the magnetization 
of the specimen; this theoretical deduction is in good agreement with 
experimental data. 

On the other hand, studies of para- and ferromagnetic resonance 
carried out by Zavoiski (Ref. 6) and others (Ref. 7) have established 
that the magnetization of paramagnetic and ferromagnetic materials 
is altered when both a high-frequency magnetic field and a static field 
perpendicular or parallel to it are applied simultaneously. 

For instance, in the case of a spherical ferromagnetic specimen 
in a high-frequency field and a static field perpendicular to the h-f 
field, the component of the magnetization in the direction of the 
static field is described by 


Mo 


| e wh + w* 
1+ = VHT 7, a ; 
< Oye ated 5 (a; — «*)# 


a 


where w is the frequency and H, the amplitude of the high-frequency 
field, My is the saturation eae of the magnetization, Y is the gyro- 
magnetic ratio, T, is the Spin-lattice relaxation time, Ty) Se 
quantity characterizing the width of the resonance line and W, is the 
electron spin precession frequency. 

It will be seen from this equation that, in the presence of a 
high-frequency magnetic disturbance of large amplitude, the magneti- 
zation of the specimen does not remain constant and equal to M),- 

It may, therefore, be assumed that through its effect on fhe 
magnetization a high-frequency field will produce changes in the non- 
magnetic properties of the material, 1.e., that the ohmic resistance, 


- 109 - 


the transverse e.m.f. /Hall voltage/, the photoelectric current and 
other properties displayed by the ferromagnetic material will depend 
a ae manner on the characteristics of the high-frequency magnetic 
ield. 
The purpose of the present study was to investigate the depend- 
ence of the longitudinal and transverse Gol'dgammer effects on the 
high-frequency magnetic field. 


Experimental Procedure and Specimens 


The experimental set-up consisted of a push-pull oscillator de- 
signed about a 6N7 tube. The oscillator output coil, with the speci- 
men inside it, was located in the gap of the electromagnet which was 
capable of producing a static field of up to 2000 oersteds. The 
oscillator was supplied from storage batteries. The frequencies of 
the field produced by the oscillator were 4.33-10? and 3.07-10! cycles; 
the amplitude of the high-frequency field was of the order of 7 oer- 
steds. The relative change of the electric resistance was measured. 
by means of the unbalanced bridge circuit described by Vilbig (Ref. 8) 
and utilized for the same purpose by Fedenev (Ref. 9). The alternat- 
ing magnetic field was oriented in the plane of the specimen; the 
static field was perpendicular to the direction of the current for 
measurement of the transverse effect and parallel to the current for 
measurement of the longitudinal effect. 

The measurements were made on polycrystalline specimens of sili- 
con steel (about 4% Si) and dynamo grade steel (1% Si) in the form of 
thin rectangular section plates 27 x 2.5 x 0.09 mm and on One speci- 
men of manganese-zinc ferrite (30% Mn, 20% Zn) in the shape of a disc 
1.5 mm thick and 8 mm in diameter. 

Prior to measurement the specimens were thoroughly demagnetized 
by the method of DC reversals. Next the variation of the resistance 
in a static field only was observed, the data being obtained for both 
directions of the field and of the current flow. Reversing the field 
made it possible to discount any apparent changes in the resistance 
due to the Hall voltage. Reversal of the current made it possible to 
eliminate the influence of the thermoelectromotive force and contact- 
potential differences. 

After these preliminary measurements the specimen was again de- 
magnetized before being placed in the h-f coil. The measurements in 
the presence of the h-f field were initiated only after thermal equi- 
librium was established and were carried out at room temperature, to 
the same accuracy and in the same manner as described above (i.e., 
for both directions of the static magnetic field and current flow). 


Results and Conclusions 


The observed variations of the relative electric resistance with 
the intensity of the static magnetic field are shown in Figs. l 
through 4. Curves 1 in Fig. 1-3 characterize the static Gol'dgammer 
effect. Curves 2 represent the dynamic Gol'dgammer effect due to the 
simultaneous influence of mutually perpendicular alternating and static 
magnetic fields. 

As may be seen from the curves, in both the static and dynamic 
cases the electric resistance varies rather rapidly with the field 
strength in the range of relatively weak fields. This range corres- 
cal magnetization of the specimen. As the field strength 
él Sen oa eer fF .honre of the resistance falls off. 
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Fig. 1. Dependence of Gol'dgammer 
effect on transverse static field 
for silicon steel (— 4% Si): 

1) static effect in static field 


Only, 2) dynamic effect in mutually 


perpendicular static and oscillat- 
ing fields, 3) difference. 


Fig. 3. Dependence of Gol'dgammer 
effect on longitudinal field for 
silicon steel (“4% Si): 1) static 
effect, 2) dynamic effect in 
mutually perpendicular fields, 

3) difference. 
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Fig. 2. Same as Fig. 1 but for 
dynamo steel (1% Si). 
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Fig. 4. Dependence of Gol'dgammer 
effect on transverse static field 
for manganese-zinc ferrite (30% 
MnO - 20% ZnO - 50% Feo0.3) 


The variation of the relative 
resistance AR,/R is more rapid 
under the influence of a high- 
frequency field as compared with 
a static field; in the case of the 
longitudinal effect the functional 
dependence even changes sign from 
Plus to minus. 

Curves 3 in Figs. 1-3 repre- 
sent the difference between the 
dynamic and static effects at dif- 
ferent values of the static field. 


These curves characterize the change in the component of the magneti- 
zation of the specimen in the direction of the static field, due to 
the influence of the high-frequency field. 

A non-ferromagnetic metal, specifically, electrolytic copper, was 


subjected to the same tests. 


In this case there were no noticeable 


changes in the resistance with application of the high-frequency and 
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static magnetic fields, which shows that the effect in question is 
Clearly apparent only in ferromagnetics. 

In view of the low value of the electric conductivity of ferrites 
the depth of penetration of the alternating electromagnetic field is 
appreciable so that a relatively large volume of the specimen parti- 
Cipates in the process. Hence, determination of the variation in 
4OR,/R and AR,/R in ferrites should be of particular interest. 

We had available for test purposes a piece of polycrystalline 
manganese-Zinc ferrite (30% MnO, 20% ZnO and 50% Fe,0.,) from which a 
specimen in the form of a disc was prepared (initiaI resistance: 11.1 
ohms). This shape was selected to facilitate determining the distri- 
bution of the current through the specimen. To insure good contact 
for the current leads the surfaces of the disc were metallized by 
Silvering in a vacuum. Only weak currents were used to minimize heat- 
ing effects. 

The mutually perpendicular high-frequency and static fields 
were oriented parallel to the plane surfaces of the disc while the 
current flow was perpendicular to both fields. Thus, what we observed 
was the transverse Gol'dgammer effect. Measurements on the ferrite 
disc were made at a frequency of 3.07-10? cycles. It was found that 
in the absence of a static field the resistance of the ferrite dropped 
rather rapidly under the influence of the high-frequency field. It 
was found that with the application of the high-frequency field the 
resistance fell to about 30% of the initial value; this drop was taken 
into account in the subsequent measurements. With the application of 
the static tield there was observed a further decrease in resistance, 
with the resultant curve showing a distinct resonance-type dip. The 
dynamic effect curve, i.e., the relative resistance plotted against 
the magnetization in the transverse static field - is reproduced in 
Fig. 4. The variation in resistance proved to be large, so that 
measurements could be made with a less sensitive instrument: specific- 
ally, we used a conventional Type MD-6 double bridge for determining 
the dynamic values of AR,/R for the ferrite specimen. 

We have not yet been able to compare the observed data for either 
the ferrite or the steel specimens with corresponding ferromagnetic 
absorption data. 

It may be concluded as a result of our investigation that the 
electric resistance of ferromagnetic materials is definitely influ- 
enced by an applied high-frequency magnetic field. 


Kazan' State Pedagogical Institute Received 
13 May 1954 


Bibliographic References 
1. S.V.Vonsovski, Sovremennoe uchenie o magnetizme (Modern teachings on 
magnetism), Gostekhizdat, M.-L. 1953. 
2. D.I.Gol'dgammer, Uchenye zapiski Moskovskogo universiteta (Scientific 
Notes of the University of Moscow), 8, x (1889). 


3, I.K.Kikoin, Sow.Phys., 9,1 (1936);Zhur.eksp. i teor.fiz.,10,1242 (1940). 

4. A.B.Cardwell, Phys. Rev., 76, 125 (1949). 

5. S.V.Vonsovski, Zhur. eksp. i teor.fiz., 16,981 (1946); Vonsovski, 
Kobelev & Rodionov, Izv.(Bulletin) AN SSSR, Ser.fiz., 16, 569 (1952). 

6. E.K.Zavoiski, Thesis, FIAK 1944. 

7. R.W.Damon, Rev. Mod. Phys., 25, 239 (1953). 

8, F.Vilbig, Archiv f. Elektrotechnik, 22, 194 (1929). 

9. D.R.Fedenev, Zhur. tekh. fiz., 23, 828 (1953). 


ate 


4 
a 


cw. sé ta i. , a -e ‘ 
af <iaesekee! a. f 
; a ay gf oie xt : 
aa ; Gee, Vo 2IGG8: eo: 
R ; —s baat 
i Setaake | 


Pe - 
+ 
~ ~ 
ee 
i 
i 
™~ 
_ ~ & 
— = 
= ——— 
= 
— 
Ss 
we 
—— 
~ 
a 
* 
—_ ~—* 


- 112 - 


Bulletin of the Academy of Sciences of the USS& - Physical Series 
Vol. 18, No. 3, 1954 - Conference on Ferrites (1~5 Feb. 1954) 


TABLE OF CONTENTS Page 
Trans. Orig. 
Vladimir Konstantinovich Arkad'yev (1884-1953) - K.M.Polivanov 1 307 


Certain problems connected with the quantum-mechanical theory of 
ferromagnetism of ferrites and antiferromagnetism. Part I. A 
critical survey of present theory - S.V.Vonsovski 6 312 


Certain problems connected with the quantum-mechanical theory of 
ferromagnetism of ferrites and antiferromagnetism. Part Ii. The 
quantum-mechanical theory of ferromagnetic ferrites - S.V.Vonsovski 

and Iu.M.Seidov 14 319 


Certain problems connected with the quantum-mechanical theory of 
ferromagnetism of ferrites and antiferromagnetism. Part III. 

The antiferromagnetism of transition metals - A.A.Berdyshev & 

S.V.Vonsovski 23 328 
A contribution to the theory of antiferromagnetism.- K.B.Vlasov 35 335 


Rotation of the plane of polarization of centimeter waves by a fer- 
rite disc - K.M.Polivanov, Ia.N.Kolli and M.B,Khasina 46 350 


On measuring paramagnetic resonance absorption by the standing wave 
method in the centimeter wave band - N.N.Neprimerov 55 360 


Rotation of the plane of polarization in paramagnetic substances and 
ferrites - N.N.Neprimerov 63 368 


Investigation of the Faraday effect in ferrites at centimeter wave- 
lengths - N.A.Smol'kov 74 378 


A ferrite disc in a coaxial line - Ia.N.Kolli & K.M. Polivanov 78 382 


The temperature dependence of the electric resistivity of ferrites 
- A.P.Komar and V.V.Kliushin 96 400 


The Gol'dgammei-Thomson effect in ferrites ~ A.P.Komar & V.V.Kliushin 99 403 


An investigation of the temperature dependence of the spontaneous 
magnetization of certain ferrites at low temperatures - A.P.Komar, 


N.M.Reinov and S.S.Shalyt 102 406 
Determination of the temperature dependence of the electric resist- 
ance of nickel-zine ferrites - A.L.Frumkin and S.D.Kholodnyi 105 409 
Influence of a high-frequency field on the electric resistance of 
ferromagnetic materials - R.A.Dautov 108 142 
Translated in 1955 by Single issues: $20 each. 
Columbia Technical Translations Individual articles: $8 each. 
fateh i 


5 Vermont Ave., White Plains, N.Y. 


- 113 - 


MAGNETIC SPECTRA DUE TO THE MACROSCOPIC STRUCTURE OF THE MATERIAL 
- N. G. Katkov and K. M. Polivanov 


3 Introduction 


In developing the theory of magnetic spectra, Arkadtev introduced 
not only the now commonly accepted concepts of permeability of the sub- 
stance and permeability of the body but also the concept of the per- 
meability of the material (Ref. 1, p. 121), i.e. of the apparent per- 
meability of a body or specimen having a composite structure, as, ior 
example, a core consisting of a stack of steel laminae. Another and 
perhaps more important example of a ferromagnetic to which the concept 
of complex permeability of the material should be applied is furnished 
by artificial magneto-dielectrics: conglomerates composed of a ferro- 
magnetic powder bonded in an insulating base. The permeability of 
Such composite materials is determined to an appreciable extent by 
their macroscopic structure. It is conceivable that the magnetic spec- 
trum of ferrites also depends on their structural inhomogeneity. 

Borrowing from the terminology of optics, the frequency-dependence 
of the permeability may be termed dispersion. Then, in view of the 
different physical processes that affect this dependence, we must dis- 
tinguish between 1) dispersion of the substance (or medium), 2) dis- 
persion of the form (or body) and 3) dispersion of the structure (or 
material, or body of complicated shape). 

Dispersion of the substance is determined by the dynamics of 
polarization, dependent upon the properties of the elementary magnetic 
moment carriers (gyromagnetic resonance - Ref. 2), by the statistical 
laws governing transitions from one equilibrium state to another (see 
Editorial note No. 8 in Russian translation of Smythe's book - Ref. 3), 
by the inertia of magnetic domain boundary displacements (Refs. 2 and 
4), by the rise of eddy currents, accompanying domain boundary displace- 
ments (Refs. 2, 4 and 5), by diffusion processes, i.e. atomic rearrange-| 
ments incident to domain boundary displacements (Ref. 3) and by a number 
of other, similar processes, most of which were described in general 
terms by Arkad'ev (Ref. 1). 

Magnetic dispersion of the substance may be characterized by damp- 
ing (anomalous dispersion) or by resonance (normal dispersion). 

The simplest instance of dispersion of the form is furnished by 
the influence of skin effect on the mean or apparent magnetic permea- 
bility. The influence of skin effect depends both on the electromag- 
netic characteristics of the material and on the form of the body (the 
shape of the specimen) introduced into the alternating field. . 

Thus, for a long rod of rectangular cross section in a longitudinal | 
alternating field the apparent magnetic permeability is given by (Ref. 6) 


Se eewah goa eee Cerna (1.1) 


where m and n are series of odd integers, 2a and 2b are, respectively, 
the thickness and width of the rod, ; 

. . /ay \2 

IY = Joppos — (3) ef, (152) 
Wis the circular frequency, UW. is an electrodynamic constant, depend- 
ent upon the system of units employed, c is the speed of light, wu is 
the magnetic permeability and € the dielectric constant of the substance, 
and 6 is the electric conductivity. 
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If the second term in (1.2) is neglected, we obtain the usual 
expression for the apparent magnetic permeability of a rod in the 
presence of skin effect. In this case the dispersion of form will be 
Characterized by damping (with several damping constants). 

In the case of ferrites, the second term in the expression for [* 
may turn out to be the dominant one, especially at high frequencies. 
In this case the dispersion of form curve will exhibit resonance 
characteristics (with a series of natural frequencies). The attenua- 
tion of the natural frequencies of the rod, which in this case may be 
likened to a cavity resonator, will be determined by the imaginary 
components of the dielectric constant and permeability of the substance. 


When b Sa, (1.1) reduces to the familiar expression for the skin 
effect in a thin plate: 


tha Vy} 


ea 


aVy* (1 5a) 


Dispersion of the form for a conducting sphere in a homogeneous 

alternating field was exhaustively investigated by Divil'kovski in 

1939 (Ref. 7). The same problem is treated in a somewhat different 
manner by Smythe (Ref. 8); the equations given by Smythe are more con- 
venient for direct determination of the equivalent permeability of such 
a sphere. Thus, according to Smythe, in the case of a sphere in an 
external homogeneous field H,, the radial and tangential components 

of the field in the region outside the sphere are given by* 


Hy = — Hy (1— ss) sin, | 
—_ iy (1 at <= | cos i,| (1'.4) 
where 
p= (2 + 1) VJ _s), (v) —(1 + e + 2) Is), = _ (Qu + yo —(1 + v® 4+ 2u.) th v a 
©) B—1)ells, (e+ 0 +e —y) hy, (o) V(u—1)+(1+v?—yp)thy tiles 
Here v*=/o7)»,a°, 41s the radius of the sphere and the other letters 


are as defined above. 

Under static conditions (w--0), the field intensity components 
due to a sphere in a homogeneous external field (in the region outside 
the sphere) are given by the familiar expressions: 


Heke Hi, to .,) sind, | 


p+ 2 


les 0, as ( (1.6) 
H.= Hi, (1 + ES, + Sr) cost. } 

Comparing (1.4) and (1.6), we find that the sphere produces a 
field such as though there were no eddy currents in the sphere, but 
has an equivalent permeability, defined by the proportion 

begin’ bis — Dp (1 q 
"ETE i, ge ae Wi -7) 


equi’ 


This value of the equivalent permeability, 


* we have made some changes in the notation employed by Smythe 
to conform with the common usage in our (Soviet) electrotechnical 
literature: ° over capital letter to designate complex expressions 
for sinusoidally varying quantities. 

/Translator' s note: To permit photographic reproduction, we 
are retaining the modified (Soviet) notation., 
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_ u—thv a 

equi eat v-thv (U —{thv) ( 1. o) 

is the one that should be taken as the apparent value of the complex 
permeability, due to dispersion of the form. 


2. Structural dispersion in artificial magneto-dielectrics 


The structure of the most common type of artificial dielectrics 
may be described as a system of spheres of equal radius a, separated 
from each other by an insulating medium. Derivations of the equations 
for the mean permeability of such composite materials in static fields 
will be found in Ollendorf (Ref. 9) and Kondorski (Ref. 10). Ollendorf 
treats the system of spheres as a system of randomly distributed di- 
poles and, in conformity with the argument of Lorentz and Debye, 
assumes that the influence of nearest neighbors is absent. As the re- 
sult of his calculations, Ollendorf arrives at the following equation 
for the permeability of the material (under static conditions): 


1 
1+[p+3—~| 1) 
frei—pe=y 


where p is the filling factor (FUllfaktor), i.e., the ratio of the 
volume occupied by the ferromagnetic substance to total volume of the 
conglomerate. 

The magnitude of the permeability computed according to Ollendorf 
equation usually turns out to be lower than the actual value for most 
magneto-dielectrics. Thus, from (2.1) for p = 0.5 we get = 4 even 
for u +o, while experiments yield generally higher values of and 
indicate a stronger influence of the permeability of the ferromagnetic 
phase on the permeability of the conglomerate. 

It must be noted that Ollendorf 's assumptions are valid only for 
low values of the filling factor. 

In his treatment, Kondorski (Ref. 10) proceeds from the assump- 
tion that the ferromagnetic particles, having a permeability uw, are 
surrounded by a medium characterized by a permeability equal to the 
mean permeability of the material (jf). In this case the permeability 
of the material 


= 


(2,1) 


= —“ [2 : 3p {- w(op— 1)] +- vee [2 a= 3p + p (3p — iyi" -+- 5 fh. (2 wee 


In contrast to Ollendorf's equation, (2.2) gives an exaggerated 
value of the permeability and yields satisfactory results only in 
cases where the permeability of the ferromagnetic phase itself is 
relatively low. . 

The comparative values of the mean permeability of the material 
(~Z) as a function of the filling factor, computed according to the 
equations of Kondorski (2.2), Lichtenecker (2.6) and Ollendorf (2.1) 
are shown in graphic form in Fig. 1. 

The same value of the permeability of the ferromagnetic phase, HL, 
chosen to make the Lichtenecker equation curve pass through the avail- 
able experimental points, was used in plotting curves Kj, L and Oj. 


It is impossible to make an analogous selection of uw for the Ollendorf 
equation (2.1), since even with » »a, the theoretical Ollendorf curve 
(Curve 2 in Fig. 1) lies well below the curve through the experimental 


points. 
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Curve Ky is plotted according to 
(2.2), using a value of uw such that 
the resultant theoretical Kondorski 
curve is in agreement with the experi- 
mental data in the region of p= 0.5. 
In this case the magnitude of w must 
be reduced to 0.415 of the value deter 
mined on the basis of the Lichtenecke1 
curve {i.e., to make curve L pass 
through the experimental points). To 
evaluate the degree to which Kondorski 
(2.2) and Lichtenecker's (2.6) equatic 
agree with experimental data we must 
know the true values of the permeabili 
of the substance. Unfortunately, 
experimental determination of the per- 


Fig. 1. Dependence of the com- meability of the substance composing 
puted mean permeability (w) of the fine ferromagnetic particles, is 
an artificial magneto-dielec- extremely difficult, so that in most 
tric On the filling factor, cases the true value of this permea- 
Curves K, and Kg computed ac- bility remains unknown. 

cording Ss Kondorski's equa- It must be noted that while the 
tion (2.2); Curve L, according experimentally determined values of 

to Lichtenecker's equation the mean permeability w of the materiz 
(2.6); Curves 0) and Oo, ac- lie on or close to the Lichtenecker 
cording to Ollendorf's equa- curve as plotted, the value of the per 
tion (2.1). By design, experi- meability of the substance which must 
mental values virtually coin- be assumed to obtain this agreement is 
cide with curve L. The same much lower than the permeability prope 
values of the permeability of to the same ferromagnetic substance, &@ 
the substance, selected to make determined for large specimens. This 
the curve L,based on (2.2), is presumably to be explained by a de- 
pass through the experimental crease in the permeability of the sub- 
points, were used in computing stance with reduction in particle size 
K,, L and 0). For curve K2 Fradkin (Ref. 11), in his treat- 


the value of the permeability ment of the problem of the frequency 
was reduced to make the values dependence of the permeability of arti 
from (2.2) agree with experi- ficial dielectrics, assumes that each 
mental data for ps==0.5; curve of the minute spheres is magnetized ir 
Og was computed assuming [2 -> 00. accordance with Divil'kovski's equa- 
tion, and replaces the actual applied 
external field by the field defined by Ollendorf's or Kondorski's equa 
tions. (Electrodynamic calculations for determining the properties 
of artificial magneto-dielectrics have also been carried out by Levin 
((Ref. 12)). However, Levin's final equation is identical with Ollen- 
dorf's equation ((2.1)), given above, if Levin's # is replaced by 
Legiv» as defined in ((1-8)). Thus, Levin's result is a particular 
cage of Fradkin's general calculations.) 
The expressions, derived by Fradkin, have the form 


3 a 
E PU + /e) ake ae 


(if Ollendorf's equation is used) or 


r - 2 = — r 
sis v+tsw BAe eee Mae iw ae ae w) — + 
—+Y @+ier(9 ; jee ag ae 


(2—(v + 7w)] 


(2.4) 
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(when Kondorski's formula is employed). In both expressions 
(24 +1) (J —<otge)—1 


w—1)(S-5 


ve /w= ; 
ctge) +4 (2.95) 


: ay 
where op ——— ] Vi Opa. 


These equations already characterize the dispersion of the struc- 
ture, rather than simply the dispersion of the form. 

Obviously, the value of the permeability of the substance (p) 
entering into (2.3)-(2.5) is a complex quantity and depends on the 
frequency. 

Generalizing the above deductions, one might introduce the con- 
cept of a structural demagnetizing factor Noty, whose value, instead 
of being computed theoretically, would _be determined experimentally 
in a static field. The dependence of » on the frequency could then 
be determined, on the assumption that N,t,;, is constant, by substitut- 
ing the value of Uequi from (1.8). for the static-field value of UL. 

Just as in magnetization of an ellipsoid the limiting value of 
the permeability is termed the permeability of the form, the limiting 
value of the permeability of a conglomerate may be called the permea- 
bility of the structure or the structural permeability. 

A method for determining the mean permeability of a conglomerate, 
based on a fundamentally different line of reasoning, is given by 
Lichtenecker (Ref. 13), who extends the earlier calculations of Max- 
well and Rayleigh. According to Lichtenecker the permeability (ff) of 
a material formed of a mixture of substances a and b, having permea- 
bilities UW, and Uy, is given by the following equation; 


logs. =p. log p..- (1. - p)log My, (2.6) 


where p is the ratio of the volumes of a and b. Numerous tests (Refs. 
14 and 15) have shown that Lichtenecker's formula is valid in many 


instances. 
Applying (2.6) to our magneto-dielectrics, we set HW, = HU and 


el a (257) 
In alternating fields the mean permeability w (or the permeability 


of the material) and the permeability of the substance must be re- 
garded as complex quantities: 


colpl.e and ple len, (2.8) 


In this case it follows from Lichtenecker's equation that 


lw | = |p|? (237) 
and 
a (2.10) 
instead of the last equality, Birks (Ref. 14) assumes 
igo = plya. C2 Akay 


Equation (2.10) and (2.11) are equivalent for small values of § ; 
however, only the former is rigorously qWepisied, AS Arkad'ev showed, 
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Maxwell's equations and derivations therefrom can be applied to a medium 
with complex parameters; hence insofar as (2.7) is valid, equations 
(2.8)-(2.10) are also valid. 

Utilizing the concept of the equivalent permeability of a sphere - 
equation (1.8) - introduced above, the application of Lichtenecker's 
€quation can be extended not Only to the simple case of an alternating 
field ina magneto-dielectric with a complex permeability of the ferro- 
magnetic phase but also to cases in the range of frequencies where the 
Skin effect in each individual minute sphere must be taken into account; 
this is done by using Hequi instead of the ordinary permeability of the 
Substance wu. a 

In view of the above, the complex permeability of an artificial 
magneto-dielectric consisting of uniform ferromagnetic spheres insulated 
from each other may be described by the following equation: 


(2.12) 


1 et Se Po 24 Pix u—thyv P 
hi —JPa = Pei E vthv — (v—th A ‘ 
poste eNews pis the filling factor, 4 is the permeability, o 
is the conductivity and a, the radius of each individual sphere. 

In like manner we can derive an expression for the complex per- 
meability of a magneto-dielectric composed of spheres of two different 
radii a and b, for which the filling factors are Pg and pp, respectively: 


Mh 


(2.13) 


T= - v,—thy Pa Uv, —thy, 
t=, - jue = (2p)? | — ——— : 


Lv thy, —(v, —thv,) vu; th uv, —(v, —th v,) 


Here 
Va = V jonpys a, (See V joupys bh, P= Pa a. Po. (2 _ 14) 


In the above equation the permeability of the substance and the 
conductivity of all the spheres are assumed to be the same. However, 

a Similar equation for a mixture of spheres having different conductivi- 
ties and permeabilities can readily be deduced. 

In the case of a mixture of spheres of different radii, the sum 
in (2.6) should be replaced by an integral. 

In applying the above equation, particularly in the region of very 
high frequencies, one should take into account the dependence of the 
permeability of the substance (u) on the frequency. In the case of 
small particles, the permeability of the substance will also depend on 
the particle size (radius) ; obviously direct determination of the per- 
meability of minute particles is fraught with great difficulty. 

The above formulas, (2.12) - (2.14), still require extensive experi- 
mental verification; however, there is reason to assume that they charac- 
terize the structural dispersion of artificial magneto-dielectrics 
better than all other, previously employed equations. 

It must be noted that in investigating artificial magneto-dielec- 
trics there is the problem of determining not only ff but also —. How- 
ever, even at very high frequencies the dielectric constant of the 
material remains virtually independent of the frequency (provided the 
dielectric constant of the insulating substance does not vary) and de- 
pends only on the filling factor. 

The problems touched upon in the present section have been exten- 
sively discussed in the scientific literature of recent years. We have 
space here to mention only a few of the more interesting publications. 
One of the most thorough treatments of the theoretical and experimental 
aspects of the subject will be found in a contribution by Pistoulet 
(Ref. 15). A detailed discussion is also contained in Prache's article 
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(Ref. 16). The results of measurements at low frequencies and inter- 
esting calculations are given in Refs. 17 and 18. The above-mentioned 
articles contain further bibliographic material. 


Br ie Structural dispersion of a stack of steel laminae 


At relatively low frequencies the magnetic permeability of a trans 
former core, composed of a number of ferromagnetic laminations, is de- 
termined by the skin effect in the individual laminae as such and by 
the filling ractor; 1.8., in: this case the stacking factor. However, 
at high frequencies and when the insulating laminae separating the fer- 
fomagnetic sheets are very thin, it may be necessary to treat the core 
aS a composite body and seek a simultaneous solution of the equations 
for the metal laminae and for the insulating layers. 

; This is because there is a distinct possibility that the distribu- 
tion of eddy currents in the laminae may be influenced by displacement 
currents between the laminations. The question was originally raised 
by Kondorski during the discussion of reports on the high-frequency 
characteristics of thin steel sheets, presented at the Second Conferenc 
On Magnetism (1951). 

An analysis made by the present writers indicates that in view of 
recent developments in the technology of transformer core manufacture 
(progressive reduction in the thickness of the steel laminae and the 
insulating layers) the question is a timely one. 

The problem of the structural dispersion of a laminated core, as 
discussed here, has much in common with the problem of a coaxial cable 
having an outer sheath and central conductor consisting not of solid 
metal but of thin metal laminae separated by insulation. 

The parameters of such a cable (i.e. its dispersion characteris- 
tics) are also determined not only by the substance and form of the 
conductors, but by their structure as well (see abstracts of articles 
by Clockston and others in Ref. 19). 

Before proceeding to a mathematical solution of the problem, we 
must point out that there are a number of different ways of viewing 


the processes taking place in a laminated core. 
First, a stack of steel laminae may be 


regarded as an inhomogeneous body with anis« 
<a - tropic characteristics; i1.e., a conaucror 
— along the X axis and a dielectric along the 
Y axis (Fig. 2). In this case the field 
i Msi distribution in the core may be regarded as 
dependent upon both the x and y coordinates 
2 SW a eam emcee Second, the laminations of the core mai 
| be treated as a series of flat waveguides 
see through which waves are transmitted from the 
two open ends along the +tX axis, with losses 


= 


Ho 


( ( 
‘sé present both in the ferromagnetic walls of 
the waveguide and in the imperfect insula- 
Fig. 2. Stack of steel tion between the metal laminae. At moderate 


frequencies or with very thin ferromagnetic 
laminae the walls of the waveguides must be 
considered to be semitransparent. 

In this treatment, the electromagnetic 
field along the Y axis varies periodically, 
with the same field pattern repeating in eac 
succesSive lamination. The solution holds 
more closely to the"™guide" picture. It must be noted that in both case 
analysis points to the possibility of resonance effects. 


laminae, unlimited in ex- 
tent along the Y axis, 
regarded as an inhomogene- 
ous ferromagnetic body 
with anisotropic proper- 
ties. 
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The equation to be solved has the form 


V?H — 2H = 0. 


(S50) 


The values of the propagation constant are different for the metal 


and for the insulating layers: 
for the metal: 


t ar J 9%, 
for the insulating layers: 
" = JO,25 , 


In both equations w and € are complex quantities. 


of the insulating layers 5 


(3.2) 


(3.3) 


, 


The conductivit 


is the full complex conductivity (So-jwEE, 


The boundary conditions which our solution must satisfy are 


H = Hy 


i Hou, (x) 


when x = O and x = 2a 


(3.4) 


when y = 0 and y = 2b, 


The solution of (3.1), satisfying the conditions of (3.4) is 


: shly shl,, (y — 2b;.) 
es Deacepo Di a —| 
. pa ‘TI shl, 2b; Se Get 26, 
ee 2a ; __tnn_ sin-~ x-sin-= 

0 Amn mn ae + Tz 


where m and n are series of odd integers; im=V (SF 42 
Ny 


below. 


: mt 
-Sin i x “+ 


2 


it (3.5) 


and D; is define 


'k 


In view of the equipollence of the y-boundaries and the symmetry 


of the problen, 


the field intensities at all boundaries are equal; 


hence, Hy 
Di, = D; — oe Dd; = = mi eve: @S: a6) 
In this case (3.5) assumes the form 
° 4H, » chl,,(y—b,) . mz 
cael ch 1, by SID Sant 
m™m 
me aris ye OT — C3 ° 7) 
m, mT ee Yi. he Lin 


Determining the Ponbential components of the electric field to 
both sides of the boundary between the laminae and equating them, 
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we find the expression for the coctficient Ch 
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Averaging the field in the ferromagnetic 


(3.8) 


in (ond): 


(3.9) 


lamina, 


2a 2b, 
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Solution (3.11) is the most general one and 
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ind the expression for the apparent magnetic permeability of the 
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|p. (3.37) 


includes all the 


particular cases that might be encountered in practice. 


In some cases 
dynamic viewpoint, 
parameters. 


The possible appearance of an appreciable inductive capacity among 


a laminated core may be regarded, from the electro- 
as a honogeneous body with equivalent structural 


the structural electromagnetic parameters is connected with the shunt- 


ing effect of the non-ferromagnetic layers on the eddy current 


tion in the ferromagnetic laminae. 
The structural electric parameters of an equivalent homogeneous 


medium prove to be dispersive 


even in the case when the electric parame- 


ters through which they are expressed (manifested) are independent of 


That is, the 
However, 


the frequency. 
tural in character. 
tric and magnetic, can, 
persion 


naturally, 
of these parameters should be taken into account only when the 


dispersion of the said parameters is struc- 
the parameters of the medium, both elec- 
depend on the frequency. Hence, dis- 


necessity for doing so is obvious. 


(> 


la 
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Pat 


Fig. 3. Frequency-dependence 
of the apparent permeability 
of a core of thin laminae: 
M1, and fo. - apparent per- 
meability of a single strip 
(lamina); Uj, iE AUD iat taal 
for laminae in 4 stack; Ust- 
static value of permeability. 
The curves are computed on 
the basis of the following 
dimensions and parameters 

of the medium (see Fig. 2)i4 
2b,=3°1073 cm, 2b9=0.15-}07 
cn, 6-104 mho/em, ©2=10 
mho/cn, 44-107, Eyed. 


ae st) ween ee \ 


The results of our analysis show 
that there may be a resonance peak in the 
curve for the apparent magnetic permeabil- 
ity of a core composed of thin laminae. 

As a consequence of this resonance effect, 
the magnetic properties of a core (stack 
of laminations) may vary more rapidly than 
in the case of an isolated ferromagnetic 
sheet of the same thickness. 

Fig. 3 shows the variation of the 
apparent magnetic permeability of a lami- 
nated core of ferromagnetic material with 
the frequency. 

It will be seen that the resonance 
peak is flattened by the superimposed 
structural dispersion of the magnetic per- 
meability. The values for the frequency- 
dependence curves were computed according 
to the following equation, for the case 
when the dispersion of the form of the 
composite body and of the individual fer- 
romagnetic lamina overlap: 

x ar, 

ww. = ee — 


9 
be 2 
1 mn “y 


(3.12) 


This equation shows the feasibility of re- 
ducing a non-plane wave (which is what we 
to an equivalent plane wave by introducing 


distribu- 
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the structural permeability, 


2 | th 10, 
[- = 30, ae = fe 3.13 
and the structural conductivity of an equivalent homogeneous medium, 
bo o, 
ee = oes te (3.14) 
« U str 
bo, ty + boo, 


into equation (3.1). The modified equation (3.1) will then character- 
ize the propagation of the wave through the whole composite body. Con- 
sequently, a core of thin laminae may be regarded as a homogeneous fer- 
romagnetic body with anisotropic electromagnetic properties, which can 
be expressed in terms of the structural parameters of a fictitious 
(equivalent) homogeneous medium. AS is made evident by the analysis, 
these parameters may be characterized by dispersion of structural origin. 

Having determined the dispersive electromagnetic parameters of the 
equivalent homogeneous anisotropic medium: 

by * * * 


co. =s CaO Sd Lo, p= 
= = toy +b? “uy y str? Pg = BY 


str » 


Our problem resolves itself into the conventional one of the propaga- 
tion of electromagnetic waves through an anisotropic medium. 

In particular, inasmuch as the proper- 
ties of the medium in the two directions 
of propagation of the waves (along the X and 
Y axes) are known, the problem of the propa- 
gation of an electromagnetic disturbance in 
a laminated core, having a cross section of 
finite dimensions, can be readily solved. 

Thus, let us assume that we have a core 
the extent of which along the Y axis is 
limited (Fig. 4) and that the core is being 
magnetized along the Z axis. The expression 
for the propagation of the electromagnetic 
disturbance in this case will be 


~<-———- 23.-— 1 


Fig. 4. Stack of steel PH, . PH, ° OH, 
laminae, having a finite ox Fae ou yt = HzBotety a. (3.15) 
thickness along the Y- 
axis, regarded as a homo- Substituting for the independent vari- 
geneous ferromagnetic body ables in the above from 

ni ropic properties. : 
with anisotrop prop = yE and Y= (3.16) 


we obtain 


PH, PH, g.¢, | OF, 
“pate Bsa 2 el alt 
dat ays . K ad (3 ° 17) 
Taking K? =a,, 
we get 
PH, PH 


of 
at | aye YP a (3.18) 
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where x, and y, are related to the initial coordinates by 


t,=2 and no at (3.19) 


Sy 


It will readily be noted that through the transformation of co- 
ordinates (3.19) we deform the coordinate space along the Y axis, 
thereby changing the corresponding dimension of the core section (2b) 
and at the same time - as follows from the propagation equation (3-553) 
replace our initial homogeneous anisotropic medium by a homogeneous and 
isotropic medium, having an equivalent conductivity: 


Sequi= Sy: (3.20) 


| The above transformation is to some extent similar to that applied 
by Netushil (Ref. 20) in his analysis of quasi-static electric fields 
in anisotropic media. 

Thus, our problem is reduced to seeking a solution of the equation 
(3.18) for a deformed core (Fig. 5) with isotropic properties, satisfy- 
ing the boundary condition: 


rj=0 and L,= 2a 
#H,=H shone § i: 
z o when y= 0 ane Taare (3 1) 
y 


The sought solution has the form 
— ” ae 22 nt 
Hi, aD pa, a ~ sin5— asin 75. (3.22) 
rT? itp AL Amn 2 2b ae 
haa! ‘ | °y 


here : og : 
12 = — wp 128 JOP Mot, = Joy 

is the propagation constant of the electromagnetic disturbance in the 

equivalent isotropic medium, while 


2 Be (ney 43 nt zt 
i ay/ * 
. \ oy / 
Averaging the solution (3.22) over the cross-section of the core 


and determining the mean (i.e. apparent) permeability of the core, we 
obtain 


= cowpea a ohare (3.23 
re B, P = — mn? ” m 2, e ) 
or as ‘ re etivane 
eal ome 2 Ti SI SR A Re i ceri noe 
aillils : ms a mene : * mr\? nt aa) aa (3.24) 
; jou,uyey + (Se) + (sR) = 
The results noted above follow from the last equation as particula 
cases. Specifically, when 2b — @, which corresponds to the case of a 


"plane" wave (Fig. 2), we obtain 


- i . * . 
i 8 4 7QU{ BF th Aa As) 
ox fh 4 oY . zou * b e. ‘& ) 
P, z fig ne ; * mr Aga 

m FOU Bory + a) 


In the particular case when 2a +, we get 
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Equation (3.25) indicates that the frequency dependence curve 


of the 


due to structural conductivity o 


apparent magnetic permeability may exhibit a resonance peak 
as was pointed out above (p. 121). 


3 
Equation (3.26) indicates that, inasmuch as the structural con- 
ductivity, o6,, along the X axis is real, the frequency dependence curve 
of the apparent permeability of the core will be characterized by atten: 


x 


uation (falling characteristic). It 
follows that the transition to a core 
with a finite dimension along the Y 
axis (Fig. 4) leads to a relative 
weakening of the resonance effect. 

The results of our analysis may 
be useful in interpreting the nature 
of the electromagnetic spectra of tech 
nical ferrites and explaining the high, 
values of their dielectric constants, | 
inasmuch as polycrystalline ferrite 
material may be regarded as a conglom-_. 


erate of ferromagnetic grains separate: 


Fig. 5. Deformed core with iso- by thin layers of a low-conductivity 


tropic properties, equivalent non-ferromagnetic substance. A number. 
electromagnetically to an aniso- of authors give an analogous interpre- | 
tropic stack of thin steel tation of the structure of semiconduc-, 
laminae. tors (see, for example, Refs. 21 and 2) 
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FERRITES IN PULSE CIRCUITS 


1. Recent developments in microwave engineering impose certain 
stringent requirements on the materials used in the fabrication of many 
parts and assemblies of high-frequency equipment. In many cases, the 
material must be highly transparent to electromagnetic waves. 


In this connection certain new ferromagnetic materials--the ferro- 
magnetic oxides known collectively as ferrites--present considerable 
interest. Together with a high initial permeability et ade apehcar and 

high specific resistivity (10-10 ohm-cm) they 
have a very considerable dielectric constant 
(€ = 102 - 105). Their high transparency to elec- 
tromagnetic waves permits the use of ferrites as 
core materials for pulse transformers, particularly 
those intended for short-pulse operation (Ref. 1). 

This article is devoted to a theoretical and 
experimental investigation of the dynamics of mag- 
netization of ferrite cores. 


Fig. 1. Toroidal fer- 2. Let us examine the case of a toroidal 
rite core, magnetized ferrite core of rectangular cross section, magne- 
by a current pulse tized by a current pulse flowing through a central 
flowing in the cen- conductor encircled by the core (Fig. 1). 

tral conductor. The magnetic field produced by this current 


has a Single component Hg at the surface of the 
core. The wave equation for this component is 


PH, ; (0H, Piz - { HW 0 
Or? r. Or is iy a ( ‘ipa —s) aa (1) 
where 2 = —)3 = — P’ t40220 — Prto?> with 4, being the propagation constant. 


It is assumed that the parameters , €, and G of the core material 
are independent of the frequency, that the medium is linear and that the 
hysteresis losses are negligible. These assumptions are justified for 
the case of weak fields; this is postulated to be the case in the dis- 
cussion below. 

We seek a solution of (1) satisfying the following boundary condi- 
tion at the contour of the core cross section: 


Iw 
1), > He = 5: (2) 
where I is the magnetizing current, w is the number of turns in the mag- 
netizing winding, r is the radius (distance between the point in ques- 
tion on the core cross section contour and the axis of the central con- 


ductor). The solution is given by 
re eg 8 Fas) eaten! _ 
amr ome Atmnm ly ZG Ryn) — M929 (n) 
? hits) 43 
mm * a fl) Beceely, (in?) Sin q— 2 (3) 
AS +) Ny (7%) , 


This expression, satisfying equation (1) and boundary condition (2), 
determines the strength of the magnetic field at any point on the core 
cross section. 

In view of the fact that in practice ferrite toroids are used as 
cores for coils and transformers, constituting electric network compo- 
nents, let us consider suitable equivalent circuits for cores. Three 
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equivalent circuits are possible. First, 
The impedance introduced by the core into the magnetizing-current cir- 


Cuit can be found as follows: the voltage drop in the core winding due 
to the magnetic flux induced in the core is 


fe Me 


we have a series circuit. 
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and S is the cross sectional area of the core. Dividing the numerator 
and denominator of each term in the series by the numerator, we obtain: 


2 U ~y 1 
ry of Cae (5) 
sig Pliny, ts ae re 
where 
8 vy 7 _ ne 8 4 Ua ran 
Lon = — fio ae, Cah i eed oR , and Rian = i ee mm (Sa) 


It follows from (5) that the core in a magnetizing-current circuit may 
be replaced by a ladder network, each mesh of which consists of three 
parallel branches: an inductive, a capacitive, and a resistive. 

Expression (5a) for the parameters of the equivalent series network 
for a ferrite core is the most general one, and covers the following 
particular cases: 


1) core, having a large center-line radius r 
, /imr? nt \? 8 1 ws 

= eer (ae, n) ee 4 

Amn = V (se) a (55 » Yn war 


2) flattened core, having a large center-line radius | (flat ring) 


4 j mr a ws . 
Amn = Min = Fa) pn = 2rr ey 


cl» 


3) flattened core, having small center-line radius, 


: : mr ws | 
Site — hin 5 no Maw ee: 
o Qn . 
in 
To 
4) strip core, 
} } nr ? ws 
mn =~ hn = 2b? n= 7 


Inversion of the series circuit for the core leads to the second 


possible equivalent circuit: a parallel circuit. For the case of a 
plane wave in the core, inversion yields 
lo 2) 
{ a 1 
Y (~P) =z, + 3} ———__. (6) 
k=1 (i OR: 
P 
Lyp a 
R, +7 
he 
where 
EEoT” 2a)? 
ug wes tg |: _ Brews 3 to Toy ( 
eee a) = ap ond Ch = a —- (6a) 


Where a plane wave is propagated in the core, a third equivalent 
circuit variant is possible: a long line terminated in a short circuit. 
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The length of the line equals half the thickness of the core lamination, 


and its parameters per unit length are given by the following equations: 


oT | 


Ww § 
wee 


—_ 
rugwes | e&y2rr.y 
L, =: Cy = sa a, Gy = 
aT oy a ws 


a (7) 


The line is short circuited at the end because, from considerations 
of symmetry, the electric vector passes through zero at the center of 
the lamination. 

All three circuits are equally applicable and whichever happens to 
be more convenient may be used for analysis in any given case. | 

If the ferrite core is used in a pulse transformer, any of the cir- 
cuits described above can be used in lieu of the magnetizing branch ele- 
ment in the equivalent T-network of the transformer. 

The equivalent circuits for metal cores are but particular cases 
of the above circuits, lacking the capacitive branches. 

In Ref. 2 there is a description of an equivalent parallel circuit 
to replace a laminated metal core. The described circuit corresponds 
to the second of the equivalent circuits considered above, but without | 
the capacitive branch. The theory of metal-core pulse transformers is . 
based on this circuit. | 

In the case of ferrite cores, however, it is impossible to neglect | 
capacitance in the equivalent network. | 

The presence of capacitance leads to the possibility of resonance | 
effects, associated with the formation of standing electromagnetic waves 
in the core section, at certain frequencies (Ref. 3). if 

The rise of such effects, when ferrite cores are used in pulse i 
transformers, is extremely undesirable, for it may lead to waveform dis-! 
tortion of the output signal. The fact that the frequency characteris- } 
tics of the permeability and dielectric constant of actual ferrites are > 
not ideal, which makes for the cores being low-Q resonators, does permit 
of damping of these resonance effects by suitable choice of the core 


cross section. : 


3. The frequency dependence of the permeability and dielectric 
constant is influenced by micro- and macro-structural polarization pro- 
cesses. This fact was first noted by Arkad'ev in 1913 (Ref. 4). Con- { 
Sideration of the nature of the processes of magnetic and electric 
polarization leads, in the simplest case, to the following operator equa- 
tions for the permeability and the dielectric constant: 


ho 


k" p+ky 


Lf) | er ee oe D (p) 
th (p)= H (p) — ky k’ p+ke and < (p) = E 


(8) 


> 
(P) ky 
The above are the simplest operator equations. Actual materials 
may have other frequency spectra; however, operator expressions for 
the permeability and dielectric constant can always be derived from the 
observed spectra and, hence, an appropriate equivalent network con- 
structed. 
In practice 
lent circuits in or 
electric polarization processes. 


there is no point in further complicating the equiva- 
der to allow for the influence of the magnetic and 


The relaxation frequencies and, con- 
sequently, the parameters of the simple circuits shou 


ld be selected so 
that their transient functions will coincide as closely as possible with: 
those for the actual spectra. 


In seeking to take account of the effect of dispersion of the core 
arameters, we arrive at circuits such as those pictured in Fig. ze 
wieas are comparatively complicated and differ from those describe 
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above in that they do not incorporate resistances, determined through 
the DC conductivity of the material. This is allowable due to the low 
conductivity of ferrites. 


\ 
5 
' Rk; = Rn J : 5 
' wise JST. ate 
‘ “5 ios bo lk a Se jos 
by on SS | 


Fig. 2. Equivalent circuits for ferrite cores with dispersive h 
electromagnetic parameters: a) series, b) parallel, c) in the 
form of a long line. 


In the case of conventional metal cores there was no need to take 
into account the influence of polarization, since due to the high con- 
ductivity of such cores dispersion of the form generally lies in a lowe1 
range of frequencies than dispersion of the parameters of the core 
material. 

This is the factor which made it feasible to base the theory of 
pulse transformers with metal’cores on the above-mentioned, relatively 
simple, equivalent circuit, in which no account is taken of the frequenc 
dependence of the electromagnetic parameters of the material. HT 

From the equivalent circuits for coils with ferrite cores deduced 
above, it follows that such coils behave as inductances only at rela- | 
tively low frequencies. At higher frequencies, i.e. above the frequency}, 
range of attenuation of dispersion of the form and polarization, "induc-}} 
tance of the core" loses its conventional significance. Consequently, 
design of a core for operation in this higher frequency range on the 
basis of the static inductance will lead to unsatisfactory results. 

As may be seen from inspection of the above equivalent circuits, 
dispersion of the form in ferrite cores can be eliminated by satisfying | 
the following condition: 


——SS—S———= 


' 
Ry MN yg < Ramn, ’ (9) 


1 


which can be rewritten as: 
(Mae ty2a/n,,) (FaeSq 2a fue) = ae (9a) 


Here Us and€.; are the static values of the permeability and dielectri_ 
constant of the core material and are the respective relaxation 
frequencies andA has the same meaning aS above. | 


: | 
The inequality (9a) signifies that the resonant properties of the — 
core depend on the frequency characteristics of the core- material para- © 


meters. The greater the width of the characteristic curves, the more — 
pronounced the resonant properties of the core, and vice versa. 


4. Our experimental investigation of pulse-magnetization processes, 
was carried out by placing ring-shaped specimens in a coaxial line. A 
diagram of the set-up is shown in Fig. 3. 
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The short-circuited 
coaxial line was fed from a 
pulse generator. The diame- 
ter of the inner conductor i 
of the line was 0.5 cm, and 
that of the sheath was 15 cm. 
A load resistance Ry = 2000 
ohms and a meaSuring resist- 
ance R, = 56 Ohms were con- ~— 
nected to the inner conductor 
on the pulse-generator side. 

The toroidal specimens 
were suspended inside the 
line sheath, and encircled } 
the inner conductor. One | 
layer of fine wire (0.071 mm 
dia.) was wound directly on 
the specimen to form a 


Fig. 3. Diagram of the experimental set- measuring winding. The ends © 
up: PG) pulse generator, K) coaxial line, of the winding were brought | 
O) toroidal ferrite specimen, MC) mag- outside by means of leads 1 
netizing circuit, A) amplifier, D) oscil- and connected either directly 
loscope and deflecting system, C) addi- to the oscilloscope amplifier 
tional capacitance, Ry) generator load or to a cathode follower | 
resistance, R,) measuring resistance, which in this case acted as tf 
S) switch. an intermediate link between | 


the winding and the amplifier 
The sweep of the amplifier was synchronized with the pulse generator and © 
graduated with time markers at 0.0 : 10-6 sec. intervals. The total 
sweep period was 20 - 1U°% sec. The maximum resistance introduced by fi 
the specimen in the magnetizing current-pulse circuit does not exceed ! 
the magnetic-viscosity resistance, which is of the order of only some 
tens of ohms. Hence, it may be assumed that magnetization of the speci- 
menis fully effected by the current source. The equivalent circuit of 


the set-up is shown in Fig. 4. 


When the specimen is acted 
upon by a current pulse hav- 
ing the form shown in the 
oscillogram of Fig. 5, there 
will be an emf induced in the | 
measuring coil. The varia- 
tion of the voltage across 
the coil terminals will de-_ 
pend on the nature of the 
Fig. 4. Equivalent circuit of experiment- processes occurring in the 
al set up. The pulse generator and the core. If the process in the 
load resistance are replaced by a current core is aperiodic, the trans: 

ient voltage at the output 

of the measuring coil re- 
A superposition of aperiodic transient 
d in time produces a resultant output 
voltage curve such as that shown in Fig. 6. The curve pictured was re- 
corded with the measuring coil wound on a core of permalloy strip. The 
analogous oscillogram for a ferrite core is shown in Fig. 7. . 

The shape of the aperiodic output-voltage trace obtained with a 

metallic core can be explained with the aid of the equivalent circuit 


source. 


sembles an exponential curve. 
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Fig. 5. Magnetizing current pulse. Fig. 6. Aperiodic output voltage 
Interval between markers equals trace obtained with permalloy 
0.5 - 10-© sec. strip core. 


Fig. 7. Aperiodic output voltage Fig. 10. Trace of damped sinusoidal 

trace obtained with ferrite core. oscillations obtained in recording the 
frequency characteristics of a pulse- 
magnetized ferrite core. 


for a metallic core. The equivalent circuit contains no capacitive 
branches, since these are well shunted by the resistances due to the DC 
conductivity. When the laminae of the metal core are sufficiently thin, 
these resistances are of the same order of magnitude as the magnetic- 
viscosity resistances. Hence, the hysteresis lag, i.e., the time lag 

in the build-up of flux density and, consequently, the trailing edges 
of the output voltage trace can be attributed to eddy currents as well 
as to magnetic viscosity. 

The nature of the observed viscosity can be explained by analyzing 
the equivalent circuit of the metal core. If the skin effect is strong, 
the exact equivalent circuit of the metal core can be reduced to a simp- 
lified two-stage series circuit (Fig. 8a) by approximating the transient 
function. 

In case of a weak skin effect, when Ry =>Rjy, the equivalent cir- 


cuit assumes a different form (Fig. 8b). 
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It is easy to obtain oscillations in the case of ferrite cores 
and cores built up of thin laminae, for in these cases the magnetic- 
viscosity resistances shunting the elements in the equivalent series 
circuit are sufficiently large. The Q of these elements is high in 
this case, and the resultant oscillations are virtually sinusoidal. 

In the case of metal cores with pronounced dispersion of the form, the 
described procedure may be unsuitable, inasmuch as the DC resistances 

in the equivalent-circuit elements are small and, therefore, effectively. 
Shunt the measuring circuit and insure aperiodic operation. 

The measurement method is based on the fact that the measuring- 
winding circuit has virtually no effect on the operation of the power 
source. The roots of the characteristic transient equation are there- 
fore determined from the expression: 


; ' | 
ZL a ibe ‘ 1 ———- = \), 

(Pp) +Lep +r’ 4 wae (11) 
where Z(p) is the operator impedance of the core, Li is the reduced 
scattering inductance of the measuring winding, r' is the reduced re- 
sistance of the measuring winding, and Cy = Cy Pee ies (Cy, is the known 


and C' is the parasitic capacitance of the measuring circuit). i 

The frequency and the damping of the oscillations produced were 
recorded on oscillograms. Such an oscillogram is shown in Fig. 10. i} 
Substituting the roots, determined from the oscillogram, i 


P= 0; + JM, (12) it 
into (11) and bearing in mind that XS w, and, also, that the scatter- 
ing inductance introduces a constant error, we get: 

= : ! l va 
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The order of magnitude of the parasitic capacitance of the measuring 
circuit can be evaluated from the expressions: 


Cy, — ke 


i = + ad k= (22)’, (14) 


where W) and Wy are two close frequencies, and Cy) and hp are the 


values of the known capacitance corresponding to these frequencies. | 

During the measurements, capacitances Cy eee connected into , 
the circuit. It follows from (13) that at low frequencies the losses 
in the measuring windings affect the measured value of the {, component. 

The frequency characteristics of the apparent permeability of cores. 
obtained by this method are for a minor reversible cycle of pulse-mag- | 
netization and differ from the conventional frequency characteristics . 
obtained with bridges and lines. This follows from the fact that the | 
magnetizing current pulse throws the indicating spot into the center of | 
the reversible cycle, while the sinusoidal current of the measuring wind) 
ing causes a symmetrical movement of the spot along the reversible mag- 1 
netization cycle. As a result of the equality of the induced currents 
the base of the cycle lies on the ordinate axis of the I-B coordinate 
system, while the location of the peak is determined by the double ampli 
tude of the magnetizing current pulse (Fig. 11). 

The frequency characteristics thus obtained are, therefore, suit- 
able for analyzing the operation of cores magnetized by a double-ampli- 


tude pulse current. | 


Analysis of the applicability of this method, 
under the assumption that the core exhibits weak 
resonant properties, leads to the following expres-_ 
sion for the frequency of the induced oscillations: — 


o=y/ eae, (15) | 
Lae (Cn, og FAC! i 


AC’ =Cy,—Cw, > 


’ 
2 
CNet = ef 4g 5 


where Loy is the static inductance of the specimen, — 
ih 
and T,, is the magnetic-viscosity time constant. | 


The maximum frequency occurs when AC' = Cy ; i 
and equals: / ; l cr i 
— = 


tan ae? (16) 


M \ 


max 


i.e., it equals the relaxation frequency of the 
permeability of the material. If ferrites really 
Fig. 15. Formation had a permeability frequency characteristic with a || 
of a dynamic minor single discrete relaxation frequency, the last re- — 
cycle of pulse mag- sult would provide means of determining this relaxa-) 


netization in the tion frequency. Actually this is not the case and, | 
process of record- therefore, the obtained result serves only to estab-— 
ing the frequency lish the existence of a limiting frequency, above I 
characteristics. which measurements cannot be made. This maximum 


frequency equals the permeability relaxation fre- 
quency of the core material only in the simplest case. 

The lower frequency limit is determined by technical considerations, | 
namely, the duration of the magnetizing current pulse, the values of the © 
required capacitances, and the gain of the amplifier. There are no par-— 
ticular (limiting] requirements where the length of the wavefront of the | 
magnetizing current pulse is concerned. 

The described procedure permits rapid and simple recording of the 
frequency characteristic of the apparent permeability of ferrite and | 
magneto-dielectric cores and of cores made of thin ferromagnetic lamina- | 
tions; these measurements can be made in the frequency band of interest _ 
from the point of view of operating the core in pulsed magnetizing cir- 
cuits. The procedure was used to record the frequency characteristics i 
of the apparent permeability of nickel-zinc ferrite cores of different i 
cross sections and characterized by diverse magnetic properties. 

A series of curves showing the static and dynamic magnetic proper- i 
ties of one nickel-zinc ferrite specimen are reproduced in Figs. 12-16. 

The core was a ring of rectangular cross 

section - 0.8 x 1.1 cm - and a 2.2 cm center 
line radius. Fig. 12 shows the static charac- 
teristics of the specimen under symmetric mag- — 
netization, i.e., the normal magnetization _ it 
curve and the largest hysteresis loop. Fig. 13. 
shows the static characteristic for unipolar 
magnetization, namely, the curve representing 
the locus of the end points of the quasi-static) 
Fig. 12. Normal magneti- minor reversible cycles. One of the minor 
zation curve and largest cycles, with the peak identified by the coor- 
hysteresis loop of a tor- dinates AH and AB, is shown in the figure. | 


oidal Ni-Zn ferrite core. 
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The solid curve in Fig. 14 shows the 
dependence of the quasi-static permeability 
for unipolar magnetization on the amplitude 
of the field H; the dash-line shows the varia- 
tion of the quasi-static permeability with the 
amplitude of the field H (in terms of ampere 
turns) with concurrent static magnetization 
awn = 10 A.* In Fig. 15 the solid lines rep- 
resent portions of the frequency characteris- 
tic of the apparent permeability of the core 
in the absence of concurrent magnetization 
while the dash lines are the probable extrapo- 
lations of the curves into the region of low 
frequencies. The corresponding portions of 
the apparent permeability characteristics with concurrent aw,y = LOA mag- 
netization are shown in Fig. 16, with the extrapolations into the low- 
frequency regions being indicated by dash lines. ; 

f, 3000 It will be noted that there 
is a resonance peak in the curves 
for the real part of the apparent 
permeability. Magnetization of 
the specimen displaces the peak 
in the direction of higher fre- 
quencies. 

Other Ni-Zn ferrite specimens _ 
(initial permeability - 400, cross 
section - 0.6 x 0.5 cm and initial 
permeability - 1000, cross section 
0.8 x 1.1 cm) also exhibited a 
resonance peak in the real appar- 
ent permeability vs frequency 
curve. 5 

The resonance effect is pre- | 
sumably associated with dispersion 
of the form. This is indicated 


48.65 
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Fig. 13. Static pulse- 
magnetization curve for 
the same core. 


Fig. 14. Solid curve: dependence of 
the quasi-static pulse-magnetization 
permeability of the same core on the 
field amplitude; dash-line: quasi- 


static pulse permeability as a func- 
tion of the field amplitude with a 
concurrent static magnetization 


aW, = 10 A. 


by the noted displacement of the 
resonance peak in the direction 
of high frequencies in the case 
of static magnetization and is 
confirmed by calculations of the 


order of magnitude of the frequency corresponding to the extreme point 


value of the real part of the apparent permeability. 


Magnetization with 


a field of only 1-2 oersteds can hardly influence the gyromagnetic 
resonance frequency, consequently the resonance effect noted is not of 


gyromagnetic origin. 


No resonance peak was observed in the case of thin specimens. It 
is possible, however, that this is to be explained not by absence of 
dispersion of the form but simply by the scattering of the observed 
characteristics for the individual specimens. 


5. The equivalent circuits for ferromagnetic cores derived above, 
taking into account the frequency dependence of the electromagnetic 
parameters of the core material, can be utilized directly for the analy- 


sis of transient phenomena in pulse transformers. 


Both the theory and 


design of ferrite pulse transformers and chokes can be based only on 


such equivalent circuits. 


x Presumably aw, stands for ampere turns. 


Translator. 
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w 
Fig. 15. Frequency depend- 
ence of the real (fj) and 
imaginary (Hg) components 

of the apparent permeability 
of the Ni-Zn ferrite core 

in the absence of concur- 
rent magnetization. 
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Fig. 16. Frequency depend- 
ence of the real and imagin- 
ary components of the ap- 
parent permeability of the 
Same core with concurrent 
magnetization with AaWo=10 A- 
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To make use of these circuits for 
practical design purposes one must know 
the frequency dependence of the permeabil- 
ity and permittivity of the core material. 
According to the nature of this dependence 
and the cross section dimensions of the i 
proposed core, it is possible to simplify | 
the full equivalent circuits, in some cases 
to the point of using the simple equivalent 
circuit for purely magnetic polarization. 

It must be noted, however, that so far | 
no separate determinations of the frequency | 
characteristics of the permeability and the 
dielectric constant have been made. i 

The general suitability of a ferrite | 
core for use in a particular pulse circuit 
component (for example, in voltage, current | 
or differentiating transformers) can be | 
ascertained by recording the frequency 
characteristic of the apparent permeability | 
of the material in the appropriate frequency) 
band, i.e. in the band between the limits 
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ee 


\ 


where Ty is the required pulse-form front 
at the transformer output and Tp is the 
pulse duration. . 
The measuring procedure described above 
permits of simple and rapid determination 
of the required frequency characteristics. 
The present investigation was carried 
of Electrical Engineering Department of the | 
at the suggestion and under the guidance of fj 
author wiShes to express his profound ni 
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ON WAVES IN A GYROTROPIC MEDIUM 
- M. A. Gintsburg 


1. Propagation of electromagnetic waves in a plane gyrotropic layer 


The angle of rotation Y of the plane of polarization of electro- 
magnetic waves propagated through a medium in an external magnetic fiel 
depends on the intensity H, of this field and on the distance d tra- | 
versed by the wave. Media in which rotation of the plane of polariza- 
tion occurs are called gyrotropic. If reflection from the boundaries | 
of the.gyrotropic medium is neglected and the magnetic field is assumed. 
to be weak, the dependence of WY on Hj and d is given by Faraday's law: 

W = const -Hod. i 

However, reflection from the medium boundaries perpendicular to th- 
direction of propagation does have an appreciable influence on both the | 
strength and polarization of the waves. A new, additional effect ap- i 
pears incident to transmission through the gyrotropic layer: an addi- | 
tional Faraday rotation, which has a complex, non-linear dependence on jj 
the thickness d, and an augmentcd ellipticity of both the reflected and | 
refracted waves, connected with the reflection rather than absorption. 

Let us assume that the wave is propagated along the OZ axis and 
that the field H, is parallel to this axis. The tensors of the dielec- | 
tric constant €, ik and of the magnetic permeability Hj, will then have i 
the following form: 


Exx == Eyy = ©, § Syx = — Fx y = lég, E7z = €3, (1) ‘| 

Mk = ae Yuy = fay Pyx Saree Poy = —s ipa, Pz2z = 3 | 

For ferrites in the microwave frequency range £5 = O and Uo # O; 

for dielectrics in the range of optical frequencies £5 #4 O and Uo = O.- jl 
Let Pe investigate the case of normal incidence of a plane wave 

E}, = 0, Ex =2expi(kz—ot) on a plane gyrotropic layer II (OS z <d), lo- | 

cated between two isotropic media I (z <0) and III (z >d). ! 

As noted, H, is parallel to the OZ axis. In medium I,e=c%; pop); | 

in medium JII, ©=c@),,—,(s) ; medium II is characterized by tensors ix I 

and U4, of type = oe 

Let us represent the incident wave in the form of a sum of two . 

circularly polarized waves: 


Ey =iys, Ejx= expi(hz —ot) and Re Sie Ej, = expi(kz — ot). i 
It is not difficult to find k and k as well as the impedance Z = E x/H 


of media I, II and III for the two circularly polarized waves, from 
Maxwell's equations: 


R= 2[(er +s) (bi + ed], R= 2 [(e,— ee) (41 — Hod] 


— (Yat Ua)'/s 7 _ (tia Us\"/s 2 
Z,= (ate) ; 2» = (2=) 5 ( ) 
The complex amplitudes of these normal waves are readily determine 
from the condition of continuity of the tangential components of the 
E and H vectors at the interfaces z = 0 and Z=d. Having E,, Ey, 
E and Ey in each of the three media, we find the ratio (Ref. 1): 
x 
vi ae (1 + Zs) [cos kd — cos kd] + i (Zy. + Zos) Sin kd —i ite at Zs) sin ka 
B3x a + Zs) [cos kd + cos kd] —i(Zi3 + Zos) sin kd — i (Zyy + Zos) Sin ka 


which determines the polarization of the transmitted wave. Separating 


(3) 
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(weakly-gyrotropic medium approximation; see Ref. 1) equation (3) is 
greatly simplified: 


Mou oy, 1, ia (elt 4) — Biya (t+ Reeth) 6 
Fay 8 2 1 — Reeitkd ’ ( ) 
where R” is the reflection coefficient and & is the propagation con- 


Stant for H, = 0; Ci AP ae Ee Sa From (6) it follows that when 
1 1 4 &) ; | 

2n+4 ee Aas nr 1 + R { | 

d = “ge kg P= Ho TERE while weer d= ee y= Yo 7 aay 7) and $=0 (%9= — 5 Bhyd), 
| 


i.e. in quarter-wave ferrite plates the effect of reflection is to re- 
duce the rotation and increase the ellipticity, while in plates an inte-- 
gral number of half-waves thick, reflection increases the rotation with-. 
Out introducing additional ellipticity. Hence, we conclude that one 
effective method of reducing the ellipticity in practice is to make the | 
ferrite plate thickness equal to an integral number of half-waves. The | 
other method of reducing ellipticity is through suitable selection of 
the electric parameters of the isotropic media I and IEPs 


We obtain the corresponding condition by equating E3, = E3x: 
(1 + Z1s)®— (Zs + Zoe)?] cos? kd — [(1 + Zs)? — (Zy2 + Zoq)?] cos? ed = i 
= ((Z12 + Zrs)* — (Zia + Za)". (7) (| 


| 


In the "weakly gyrotropic" approximation, it follows from (6) that |. 
9 also equals zero when Ro = O; i.e., that in order to maintain linear 
polarization it is sufficient to place plate II in an isotropic medium, | 
having the same impedance as the material of the plate II would have in i 
the absence of an external magnetic field. } 

Rayleigh (Ref. 5) proposed a one-way optical system, consisting of 
two Nicol prisms with their planes of acceptance at 45° degrees to each © 
other and a gyromagnetic plate between them, also rotated through 45°. | 
In order for the Rayleigh light valve to operate the plate must not only 
rotate the plane of polarization through 45° but it must also maintain 
linear polarization. From (3) it follows that the second condition is, 
in general, not satisfied with o() == pl) = 2(3) — (3) — 1 (gyrotropic plate in 
air). Hence, it is desirable to modify the Rayleigh system somewhat 
by placing isotropic plates I and III, having appropriate values of 
and wu, On both sides of the gyrotropic plate II. Such modification is i 
essential in the radio-frequency region. Putting w= 45° and G=0, we 
obtain from (3) the requisite values of Z, and Z3: 


Zi, =— {M+VM?— AN), (8) | 
where M= (2? rt Z>) sinkd-sinkd, A= 2. sin 2kd + Z, sin 2kd, | 
N = 7,2, (Z, sin 2hd + Z, sin 2kd). (9) | 


In the "weakly gyrotropic" approximation, we have > = O not only 
with R = O, but also for d = nA/2; that is, to realize the Rayleigh one- 
way system the thickness of plate II should be made equal to an integral 
number of half-waves. . 

. Let us now turn to the case when the propagation of the electromag- 
netic waves is perpendicular to the field Hp. Assuming AI OY , then 
53 Si» ey, vy i },.. = Pag ry Vag se UY, Pr, — Bs l i and "i have 


the same values as in eb re It follows from Maxwell's equations that 


—— = le 
= ea ley, & 
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two types of plane waves are possible in this system: 


1) E-waves;: Lx +f U, 5 = J ee ee Hy ae Y —— (¢,L5+ igo ft ,), 


2) H-waves; M:=i0 Hy, By = (Hx + ipell,), 
1 CK 
Hy = Eye EU; 


We find the complex amplitudes of the two normal waves and their 


ratio in the refracted wave from the boundary conditions at Zz = O and 
ZZ = d: 

i. 
M ee aE ce 


(1+ Zs) cos kd — (Zi2 + Zp) isinkd Ey i 
E..,. (1 + Zs) cos kd — (Zig + Zos)isinkd EF 


ae (11) 


se 


| 

| 

if 

j 

We can then determine the angle of rotation and the ellipticity: { 
02 (th — a) te eee Dee 

tg2( a) = 7 and sip 29 =e 


{ 


(a is the angle between the incident wave vector and the field H, . Ini} 


practice it is desirable to obtain a gyrotropic layer with a zero ref lei 
tion coefficient. For this we must have ; 


\ 


oer oe 
LZ=Z= TP. i.e. 2\ftg = 8] — €3, 185 = Py — pa: | 
¥ 6 EX j 
If reflection is neglected, (11) becomes Fay / Eax= exp (k—A) dix =e 
. 1x 
With (k Rd: = NT Ci: & 77 9 N we obtain a quarter-wave plate (maximum 
ellipticity), while with (k - k)d = Tn, we have a half-wave plate (tran: 
mitted wave linearly polarized). If the angle between the E; vector of | 
the incident wave and Hh) is (+@), then with (k - k)d = 17(2n+1), the 
vector of the refracted wave will be at an angle (-a@ to HM , i.e. the 
plane of polarization will be rotated through an angle w= 2. If the 
external field, Hy),be rotated about the OZ axis (with its magnitude re- 
maining constant), the E, vector will rotate with the field, but throug. 
twice the angle. Thus, through appropriate rotation of the applied 
field the plane of polarization of the electromagnetic waves can be 
made to turn in any prescribed manner. | 
Let us consider the influence of reflection at the boundaries in | 
the case of isotropic substances whose natural ability to produce rota-| 
tion is due to molecular asymmetry. In such substances (Ret. 2): 


D, = cEy—icEy, Be=HstDEx, Dy=ekyticEx, By= H+ FEyp 
where a = - iw/c and T is a constant, dependent upon the structural 


asymmetry of the molecules. Equations (3)-(6) hold in such media, with’ 
the difference that the propagation constants and the impedances have 


other values: 


i 
i 
| 
| 


i: ny g.\ mt “gy Vettes wm Ve—oe 
k? =(¢ + 2t)-3, P == (2 —2t)ry, Z= e-2 - 4= =a} 


and, in the "weakly gyrotropic" approximation R=RK = R,, K=k(1+a)a=—, 
15 O<y 


7 _— eS a _ Oe — . 23° e- 1 ew Deas |) CS Sh Ch hme re. Kl Te. ll — — — Oe a re - a | 
2 ‘ _ = - 
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E 4 2 i2k.d 

tees eg a. | 
yon Siam se Tp Rieti j 

that is, in this approximation, refraction at the first (z = 0) boundar 

does not introduce ellipticity. 


2. Space-time analogy between waves in a gyrotropic medium and the 
oscillation of coupled systems | 


Let us consider the case of plane waves in a gyrotropic medium 


(1). Eliminating the H, and Hy components from Maxwell's equations, 
we obtain 


il 
ill 
f 
| 
( 

I} 

If 


Bet mbe—p.k,=0, £, + ey pee = 0, (12) 


where n= me = te, + yreee, G2 = —p, = i (ee + 1420)) and the dots indicate differen 
tiation with respect to z. Equations (12) remain invariant for all | 
directions of propagation relative to the field H, , only ”? and ny mus_ 
be expressed in terms of all twelve components of the €4; and Wik ten- jj 
sors. | 


The equations for small-amplitude oscillations of a system of two | 
pendulums coupled by a spring (or any other linear system with two de- 
grees of freedom) are similar. Let g, and g, be the angular deviations 
of the first and second pendulums from the equilibrium position. Then | 

i 


ca ° ca 
9) +19) — P92 = 0, 24+ N39 — fy, = 0 (13) 


here the dots indicate differentiation with respect to the time t and 
nm and nj are constants, determined by the mass and geometry of the 
pendulums and the connecting spring. | 
Inasmuch as (12) and (13) are analogous we can regard the componen. 
of the H and E vectors as generalized coordinates /analogous to P} and | 
2 in (i3)/ and apply the methods and results of the classical treat- 


the only difference being that in this case the independent variable i 
will be the spatial coordinate z, rather than the time t. | 

The general solution of (13) is sought in the form of a superposi-| 
tion of normal oscillations: i 


©, = AyeiMt 4 AgeiM%!, 9. = A, p, eit + Ay petit, 

In like manner, we seek the solution of (12) in the form of a supe. 
position of normal waves: I 
| A,eik a Anei®:, Ey = A,p,e**? + Ag poe. | 

Substituting these expressions in (12), we find A,/Ag, k, k, Py | 

and pg- The character of the coupling between Ey and Ey and the nature 


of the gyrotropic effect are determined by the "coupling" of the partia. 
systems; A = pip: /(n?~-n2) (the concept of "coupling" /"'connectedness" was 
originally introduced by L. I. Mandel'shtam). The case of a transverse 
field, H,|JOY , corresponds to (/, = @) = O (A= 0: no coupling). In con 
trast, in a longitudinal field,H,|0Z, we have the case of extreme coup-_ 
ling: ”?= 73, A. 22 00, 
In this analogy, the Faraday effect corresponds to "Spatial beats" | 
for just as in beats, energy is periodically transferred from one of thi 


4 
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"coupled systems", E,, to the other, Ey: The beat frequency is equal 
to the half-difference of the normal frequencies. By analogy, the i 
rotation per unit path length equals the half-difference between the 


propagation constants of the two waves: b= —(F—B: 


ms Gyrotropic waveguides 


Let us also investigate the case of inhomogeneous waves in a gyro- 
tropic medium. In our analysis we will follow the reasoning and keep | 
the notation originally given in Ref. 6.* We turn first to the case of _ 
a longitudinal field parallel to the OZ axis. Eliminating Ey, Ey, Hy 
and Hy from Maxwell's equations, we obtain partial equations of the | 
fourth order in E, and H,: 


APE a, AF, + a.l, = 0, 
z + 1 z as (14) 


A‘, + 4,AH, + a,H,=0 


(a, and ag are as defined in Ref. 6). . 
Thus, in a gyrotropic medium, Maxwell's equations reduce to one il 
fourth-order equation in one unknown function. This deduction is genera 
and valid for all anisotropic media; it also follows from the character | 
of the boundary conditions. A fourth order equation is the "natural" 
equation for a waveguide; although electrodynamics has until now dealt 
primarily with boundary conditions characterized by second order equa- i 
tions (and, accordingly, TE and TM modes) it must be emphasized that | 
these are merely particular cases in which it is feasible to set E,orH, | 
equal to zero (thereby reducing Maxwell's equations to a single equation) 


because of the isotropy of the medium. This is confirmed by the very 
nature of the boundary conditions, i.e., by the fact that there are al- 
wayS two such conditions (E = Ez, = O or Ex y, ~ —s = Go; etc.), corres- 


ponding to a fourth order, rather than a second order equation (a second | 
order boundary value equation involves only one boundary condition). 

In the general case, in anisotropic media neither of the longitud- 
inal components (neither H, nor Ez) vanishes, which fact is reflected 
in the order of the equations. i, 


Let us take another case - that of a waveguide filled with a medium | 
characterized by symmetric €;, and Uj, tensors (2,, =&) & = i &, = 835 Hee = By 
Poy = Mer & fez — By ; One of the principal axes of the tensors coincides 


with the OZ axis of the wave guide). Eliminating the other components 
from Maxwell's equations, we obtain for E,: 
a P P 1 # F 
{( atta axt + Egits ay + fois Sa — or &1€op alts <7) (wee Oa? 9 


\ 


F P 2. a ea 7 
+ freee Oy + 293 G3 ur a tatla"s¢s ax? op (celts — egfte) (E4}1g — I"122)| E, = 0. (15) 


Let us determine the normal waves in a rectangular, anisotropic wave- 

guide bounded by conducting walls at x = 0, y = O, xX = x; and y = yj. 

We seek a solution in the form: sindgz-sinh,y-exp[/(kz —ot)]|. We obtain a 

* While Refs. 1 and 6, representing condensed versions of parts of our 
thesis (Ref. 7), were at the printers awaiting publication, there . 
appeared in foreign literature a series of articles (Refs. 8-12) on 
gyrotropic waveguides which partially duplicate Ref. 6. 


2 = & 
| —eSARen 24 (07t2 
ize °~s oe 
| > ove oa 


ig? ace 
ee 


eo ‘ 2 
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| —PCrqg 6 eine 


“saree ASCU 


he Ate A, = 0, 


where 2 
9 ; e 2 : a ta és F . 
Ay Oe [AN (2,43 -F 48g) + Avy (Ne23 + N32) - a 2y!'g (Sy!42 + t22,) |, 
cea ST ee o 
‘ly ree i phn Saitoh, + AXA y\f'y22 F f422,) — Tal Er (1223 4 

2 ’ re ilie ir 
Zo!ts) Ax + Sathy (Sy its Sli bee / A ’ 
hex Ten r Tet mon () f Hie . i 
"y Wy ih 
ne : a 2 ; 
The above equation has two roots, k“ = Ky 2, cCOorreSponding to the | 
; i 


two systems of normal waves. Knowing EZ, one can readily find the other 
E and H components from Maxwell's equations. [It appears that when Hh 
Kx # O and k, # O in both normal wave Systems, both longitudinal compo- 
nents will differ from zero, i.e. neither EZ, nor H, will vanish. As i 
noted above, equation (15) for the Li(r,y)expi(kz-- wl) wave is an equation © 
of the fourth order. Hl 

It is often convenient to expand the differential operators of (14)))) 
and (15) into products of operators of the second order. Thus, the i 


former can be expanded into } 


L=A’+aA+a=(A+R)(A ke.) Hy 


(Ac, and a, are the roots of the characteristic equation #;—a,/2 4 a,=—0) , 
and the solution sought as the sum of the solutions ofthe second order, 
equations (A+ke)k,=- 0 and (A+k?)4F,—0, For example, for a circular wav} 
guide the first equation yields £,,=Jn(k,r) ; the second; Ey = J; Ua0%. i 
We must emphasize, however, that under the conditions of the given boun) 
ary problem the Jn(k.r) and /n(4c7) "waves" have no physical meaning: thi 
boundary conditions are satisfied only by a certain superposition of | 
these "waves"; i.e., only 2 =Jn(h.r)+ BrJn(k.r) represents a normal wave. — 

FOr waves propagated between the two planes x = O and x = x » we ¥ 
again seek a solution of (14) in the form of a sum of the.solutions of | 
separate second order equations: 


£- = [A, sin A, a iz As COS ve = saa Agsink, 2 A, cos k,.x2| expi (kz - ot). 


f 

From the boundary conditions at O and X,, we obtain a system of 1 
four homogeneous linear equations for the four unknown amplitudes A;. | 
Setting the determinant of this system equal to zero, we find the trans | 
cendental equation defining the propagation constant. | 

The solution of (14) for the case of a circular waveguide was dis-] 
cussed in Ref. 6. Hence, here we will only give an additional equation 
determining the cutoff frequencies of a gyrotropic waveguide. This I 
equation follows from (8) in Ref. 6 and has the form: | 
| 
| 


for Hypo waves {TE mode/ for Eyyro waves /TM mode/ | 
Pa e*) — en a) “2 . Js (k. It) Ws (k,, Lt) ; U, (16) Mf 
aR Pe 
where 


9 o- ‘13 /_9 9 o 
he ke ee) A he 


The plus Sign applies to the expi(nz -kz:—wl) wave and the minus sign 
applies to the expi(—nz—kz—ol) wave. i 

Equations (16) indicate the possibility of adjusting the wave trans 
mission factor of a gyrotropic layer in a waveguide by regulating the 
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external magnetic field, inasmuch as varying the applied field changes 
9 9 
the values of the €j,; and Wi, Components and the differences €, -&5 i 
and ye - 8 
It may also be of interest to give the expressions for the field 
components in a circular waveguide: 


HT, = MS n het) Bn mM ad nhc.r), 


{ (finer Gig int ait 
mp ibe : aa : z | 
ioe AE is a a el Se aL a 
| { nbs Cie ttl Cit. \ 
/ iv ) ba teh, — bl als Tf 
where 
ieee et eli Ep) See 
“hg (So'hy 
b= ' a” (3yny 4 ) My = Ub (2419 + S9tty), 
b= 7 [Mg7? + aPss(up—ps)], 0 == yy? — as, (nF 48) 
D = [77 — a® (2, + So) (ta + t19)] [y? — a? — 2) (a — '2)], a= ix 


Hg and Hr are found from the equations for Eg and E, by replacing 
EZ by HZ, Hz, by EZ, Ei, DY Hips Ui DY EG, and by —a. 


4. Excitation of gyrotropic waveguides 


Let us investigate the excitation of a waveguide filled with a 
gyrotropic medium by wall currents of known density. In our analysis 
we will use the method proposed by Vainshtein for an isotropic wave- 
guide (Ref. 13). 

We seek a solution of Maxwell's equations 


Lis . an . 
rol. H =a D+ =~ Jags © EO E = -—aB— = Jn i Ne 


@® 


mneres? >= —'= + and ..js and din are, respectively, the electric and mac] 
netic wall-current densities. 

The boundary conditions may be formulated as follows: there exists 
a certain cylindrical surface within which the entire field is concen- 
trated. On this surface E=H=0, 

The €;, and an tensors of the medium filling the waveguide can be 


expressed by any piecewise-continuous function of x and y. We specify 
the OZ axis to be coincident with the waveguide axis and the magnetic 
field parallel to 0Z. We seek a solution of (17) im the 101m G7 ae 
series of eigenfunctions of the homogeneous equations roll] = aD 
and rotE=--aB.The Lorentz lemma is generally used to determine the co- 
efficients of this series. 

However, the principle of reciprocity does not apply in a gyro- 
tropic medium and the Lorentz lemma cannot be used. Instead, ina 
similar manner, we obtain the relation 


& ((E'H’|— [EN |ndS = 2* \ (ve (HUH } — <5 [BE |lde 


Ss \ 
poEl (GE Re + JOH = yar a, (18) 


v 


Abe 2 
_ i7vee ~~ _ > 
_~ 
oo - Pat 2 atl _ 
rr sand 
wf" ae Hee 
“a wi weeas 
© “ey lS e- 
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saves Bites . 


Sie ee 


relating the E' and E" fields due to the two Systems of electric and 
magnetic currents j,,j,, and J, J, Equation (18) generalizes the Lorentz | 
lemma to include the case of a Syrotropic waveguide. | 

Applying (18) to the normal waves of the gyrotropic waveguide, we \ 
obtain the orthogonality relation between them: ! 


2w/c = : | 
) {(EnHn’] == [EnH,] — ie tye (€, [En Em] — flo [H,,H,,]) | lds = Q, 


(here 1] OZ, || = 1). i 
For the norm N,, we select | 


c 


Nin a Att | ({EnH_,,] hz [Fe nbn!) ldS = 0. 
S , 


(19) | 


Expression (19) can be simplified. As may readily be shown, if the 
Maxwell equations for a gyrotropic medium admit of a particular solution 
in the form of normal waves Em(Lx,m; Ey ms Es m); [6 Ba Ge Paes Hy ims ee, with a phase 


factor exp(j,,z2—iol), , then the Boog Fe gat ee): Hain (sins HG ee a 
vectors also generate a solution with a phase factor exp(—y7,,2— iol). Hence, 


(19) can be rewritten: Nm = = | [E,H,]1dS ; i.e. this is the complex power 
aera 


delivered by both waves - expY,z and exp(-y,2)-through the cross section 


ae 

- These results open the way to a solution of our gyrotropic wave- 
guide problem. 

Let uS assume the sources to be located in the region 259 z =2)- 

Th only E_, waves are propagated to the left of the sources (2 .ece 
b= Sac E_n) while to the right (z =z), E= D\a,,E,,. The complex ampli- 
tudes may be determined from (18). To this end, we use the total field 

Sige Of gig. for E in (18) and E, or. Bo. for the field E”. We 
then obtain 


ic. . ae : 
n= | (f,En—j,H_,)dV, a, = a) (j,E,, — j,,H,) aV. (20) 


€ nT 
Zs Zz, 


Let us now determine the field in the region occupied by the 
sources. We seek a solution of (17) in the form 


E = pe OmEm + Sa—mE_m + Ege ) 


C2.) 
H = Ns Otten + Se—mH—m + Head: J 


where E,gz Ha 1S an additional field which will be determined below, 
while the coefficients @, and a_, have the form (21), with the difference | 


that one of the limits of integration will be the coordinate value of z 1 
for the point at which the field is determined. 
We make use of the method proposed by Vainshtein (Ref. 13) to | 
determine E,44and Hja : we remove the sources from the plane layer 
(Z -§, Z+§). The field inside such a cut will be defined by E= 
DpamEm + Sa—mE-m. However, by removing the sources from the layer, we if 
change the actual field at every point of the volume, to wit 1) we | 
interrupt the longitudinal currents j/=j7,.) and Ji,i=/,:! ; as a result 
surface charges, which do not tend to zero as § » 0, form on the walls 
of the cut; 2) we eliminate the currents in the z -§, z+ § volune, 
but, inasmuch as the densities of these currents are finite, their field 
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approaches zero as § +0 and, hence, can be neglected. Therefore, we 
take account of Only the tirst effect: the break in the longitudinal 
currents and the consequent formation of Surface cnarges. These Charges 
are equal in magnitude but Opposite in sign on the Opposite sides z -§ 
and Z2+§ of the cul; nence, they give rise to electric and magnetic 
fields, directed along the OZ axis: BeuxllOZ, DaxllOZ. Since in a longi- 
tudinal fieid the components: Sxzr S2xy Syzy Szys Pxzy fhzxr phys fzy equal zero, fF 
and H.ag Will also be parallel to oz. oa 
Since the left-hand Purts of tne equations 
Ol. oll * Ar OF. Ok dine 
Jy = =a: aa “ce “ez and " ss c Tn 


are not changed by the interruption of the long 
view of the fact that Eada || OZ 
(equivalent to the effect of t 


itudinal currents (in 
and Waaa||OZ ), the additional fields 
he interrupted currents) will equal 


ie Ti ea) an . © 

Deus al ac AP and B six We Loe (22) 

Passing to the limit with 8 +O, we obtain 

for the electric and magnetic fields in Lhe volu 
Waveguide occupied by the sources: 


the final expressions 
ne of the gyrotropic 


Ar : ATC Sve 
Fs Ey tele, ee oH, + oH, jap (23D 


Equations (23) are also valid for a Waveguide filled with a di- 
electric, characterized by symmetric Ck and Ui; tensors, 


eee Ferr 


ite-loaded waveguide in a transverse fiazsnetic field 

A wuveguide filled with a gyrotropic 
verse magnetic field (field parallel to oy) 
waveguide". Let us investigate the degener 


guide, having a rectangular section. 
E(z,y) X exp[jz—iot] wave: 


medium and situated in a trans 
may be called a "traverse 

ate H-waves in such a wave- 
From Maxwell's €guation for the 


dE ? 
jEy = a(p, Hy + insH,), = = a(ipoH, —p,H,), 
dH, 
1, = = 02, (24) 
we tind the fiela components 
fy = Asin kt 4- Ay cos koz, 
mete 
Ham ply + ina Eo h 
a (us — 5) ds (25) 
‘ is 
HH, = - — jive By i, Ey) 
@ (uy — w5) dx | 
where 
2 | = 
fhe = 2 — gPou, ( — Sec: R22 
- hy 


It follows from (25) that the waveS propagated in opposite direc-~ 
tions (+z and -z) are Characterized by different field distributions 
Over the cross section of the Waveguide. The normal waves of a "tra- . 
verse waveguide" are mutually perpendicular. The corresponding orthogor 
ality condition is 


\ ({E nH] ay [EH,,]) ] -- a (try (H,.Hy] — 9 [En Ein ]) jj dS =v. 
Sp ‘mm * im! 
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Hynes Em, Hm and Ey, Hw are two different normal waves; j|| OY and 
ji = 1. 

We can show that an infinite number of normal waves of different 
types may form at the boundary between an isotropic and a "traverse" 
waveguide. Let the region of the waveguide where z<O be filled with 
an isotropic medium (here € = € andu = . and we will denote the 
normal waves through En, HW, ) and let the region z >O be filled with 
a gyrotropic medium in a transverse field (the normal waves of the 
“traverse waveguide" will be characterized by (25) and we will denote 
them through E,, H,,). Resolving the field in regions I and II in con- 


_formity with the normal waves, we can write the boundary conditions at 
z= 0O as 


m= +00 mM = co oo © 
~ ~~) a rr 
D) AaMny = >) Brings >) DPAdatnees S BYFTSs (26) 
m= —co m=t 1 


—0oo 


(m = O corresponds to the reflected wave and A.. and Be are coefficients). 
Multiplying both sides of equalities (26) by kf and H, ,, respectively, 
and integrating over the entire cross section, we obtain for the ampli- 

tudes A, and B, of the individual normal waves in the system of reflected 


(A~) and (Bt) refracted waves the following infinite series of equations: 


at a Yr — ip. 
(Ap — 7 aoe Ags wwe |P cals Gene ges Brvin,p + | 


) 
a 


0 | 2 BL Fe amep (27) 


Brereogee 2. 3. 44s; and mp = ae | 


1 
(— Ayer —4], =. 


The transformation of wave types and formation of new wave types 
are effects characteristic of reflection from the gyrotropic layer or, 
in general, from any inhomogeneity in a waveguide. 

Let us investigate the case of a waveguide only partially filled 
with a gyrotropic medium, i.e. in the section x<d; in the section 
x =d the medium is isotropic; the width of the waveguide x}; = D. We 
seek a solution for the gyrotropic section in the form 


Lo Gens, . 2 iy 1°sin ker —p,k, cos ker). 
y Te! (i -27 2 — Hyg 008 kya) (28) 


And, for the isotropic section, in the form 


1 dk 
Ey = a, (sin kx — tg k, D-cos kx), H, =—— meg (29) 


Equating (28) to (29) at x = d, we obtain a transcendental equation 
for the propagation constant: 


a.m a / / 
te hed - [(pi — p) « ng tba Ug yd’) + phe te hyd! = 0 (30) 
where 2 = 72— an, d’ = D—d, while 4, is determined from (25'). It is 


important to note that, as follows from (30), the phase velocities of 
the direct and inverse waves are different, i.e., the waveguide in 
question has unidirectional properties. , 

In general unidirectionality may be the result of 1) differences 
in dielectric and magnetic absorption (Ref. 14) and differences in the 
absorption of waves rotated in opposite directions in the presence of 
ferromagnetic resonance (Ref. 9), or 2) differences in the coefficients 
of reflection of the exp(¥%z) and exp(-Yz) waves from the boundaries of 
the gyrotropic layer (Z = O) and Z = qd). 
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The reflection and refraction in a waveguide partially filled with 
a gyrotropic medium may be computed in an analogous fashion. By writing 
out the rather cumbersome expressions for the coefficients y, andy,, 
it can readily be shown that with d #¢ p/2 the transmission factors for 
the direct and the inverse waves are different. 
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MEASUREMENT OF THE PERMEABILITY AND THE DIELECTRIC CONSTANT OF CERTAIN 


FERRODIELECTRICS AT CENTIMETER WAVELENGTHS 


1. Set-up for measuring WL" in a resonant cavity by the transmission 


method and results of measurement 


In our investigation of ferrodielectrics we use the sensitive set- 
up shown in block-diagram form in Fig. 1. The signal generator is crys- 
tal controlled, making it possible to maintain the output power constant. 
The signal goes through an attenuator before passing through the res- 
Onant cavity into which the investigated specimen is placed. 

The real part of the magnetic permeability, w', is determined by 
the resonant frequency displacement, the imaginary part uw", by the 
Q-factor of the resonant cavity. 

In the case of a ferromagnetic material the electric loss, due to 
the terminal resistivity of the substance, cannot be separated from the 
magnetic loss. It is convenient to place the specimen on the moving- 
end part of the resonant cavity. 

A TE,, mode was excited in the cylindrical resonator. The generator 
was matched to the resonator by means of a circular slot, 6 mm in dia- 
meter. In addition, the resonator was also coupled through orifices 
to two rectangular waveguides. Tuning was accomplished by varying the 
resonator length through displacement of the upper and lower pistons 
(sic). The Q-factor was determined from the resonance curve. The 
measuring procedure was the following. 


werye eek 


AP wr een = 


TAVe 


Fig. 1. Block diagram of set-up: 1) Klystron generator, 
2) variable attenuator, 3) resonant cavity, 4) crystal 
detector, 5) meters, 6) power control, 7) resonance-., 
frequency meter, 8) heterodyne frequency meter, 9) elec- 
tronic regulator, 10) ferro-resonance regulator, 11) in- 
put attenuator, 12) thermistor chamber with thermistor 
unit, 13) bridge, 14) power source, 15) measuring line. 


The resonator was tuned to the resonance frequency w, of the cir- 
cuit with the specimen in place, as indicated by maximum deflection of 
the meter pointer. The frequency was increased or decreased by an 
amount +t Aw, to the point where the meter showed half the maximum de- 
flection. The Q-factor was computed from 


co) 
Oat (1) 


The transmission of parasitic modes through the resonator was negligible. 

The resonator and waveguide assembly were located between the pole- 
pieces of the electromagnet. 

If we regard the plane of the ferromagnetic wall as the XOZ plane, 
the alternating field was directed along the X axis and the static field 
along the Z axis. The polepieces of the magnet measured 100 x 100 mm; 
the gap was 45 mm. A current of up to 10 amperes at 120 volts could be 
sent through the magnet coils to produce a field of up to 10,000 oersteds. 

Since the ferromagnetic resonance curves obtained are fairly wide, 
the often encountered difficulties connected with insuring a highly uni- 
form field and maintaining its intensity constant did not arise in this 
case. 

The specimens were prepared in the form of circular discs 2-3 mm 
in diameter and 0.1 mm thick and were mounted on the bottom of the 
resonator. The demagnetizing field was negligibly weak. 

Curves for the ferromagnetic resonance absorption as a function of 
the field intensity were obtained by measurements at different values of 
the static field. In plotting the experimental points, the values of 
Cu" in relative (arbitrary) units (C is a proportionality factor) were 
laid off along the y-axis against field intensities H in oersteds along 
the x-axis. It is assumed that the major part in resonance absorption 
is played by uw" and that the role of u' is negligible. 

The results of measurement for the different materials tested are 
shown in the form of u"(H) curves in Figs. 2-6 and in tabular form in 
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The spectroscopic splitting factor g was computed according to 
the Landau-Lifshits-Kittel equation given in Ref. 1: 


tie (8 Hs, (2) 


Where Y= ge/2m, w is the angular frequency, B is the saturation induc- 
tion and H* is the intensity of the resonance field. 

For the two Ni-Zn-ferrite specimens investigated (see curves 1 and 
2 of Fig. 4), in addition to the usual peak in the region of strong 
fields we observed an anti-resonance dip at low values of the field. 
For a plane (disc) specimen the position of the anti-resonance minimum 
is given by 


For curves Pmin = 1B, (3) 
a Lda which we may compare with the 
name | expression (2) for the case of 
maximum permeability Ww": 
140 : 
] Omnax == ‘(Bolt -)-ts. (4) 
120 +—— Physically, the maximum LL" 
| point corresponds to the case 
100-200 ae gi when var, 41M, equals H, in magni- 


tude but is opposite in direction, 


| so that the high-frequency induc- 
Para tion By = O (Ref. 2). 


| The difference between the 
60 i resonance curves for different 


directions of the field relative 
| to the axes of a single crystal 
of Fe304 (Fig. 6) illustrates the 
part played by crystallographic 
207 40 | magnetic anisotropy. 

The experimental results are 
summarized in Table l. 


p" in arbitrary units 
SS 


9 tan 2000 3000 ooo S000 Bet The width of the resonance 

ave peaks for the ferrodielectrics 

Fig. 2. Variation of wt" with the tested depends on the structure 
intensity of the static field for and varies from 500 to 3000 oer- 

1) FeS and 2) 95% Fe304 + 9% FeSo. steds. 

/Translator's note: The values The next to the last column 
of 6 and g, given in the original of the table lists the g-factors, 
under the curves, are omitted here, which vary between 2.38 and 2.10. 

inasmuch as they appear in Table lf The lower g-factor values given 
in Ref. 3 agree with our experi- 
mental values for many of the tested ferromagnetic materials. Appreci- 


able zero-field absorption (i.e. absorption at H = O) was observed for 
most ferrodielectrics. Zero-field absorption depends on the splitting 
olf the levels under the influence of the intra-crystalline magnetic and 
electric fields. 


- 


2. Measurement of the permeability of ferromagnetic materials 
with low conductivity at centimeter wave frequencies 
For these measurements a measuring waveguide section was connected 
into the set-up shown in Fig. 1 after the variable attenuator (see dash 
lines in Fig. 1). The introduction of this measuring section made it 
possible to measure the standing wave ratio over a frequency range of 
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p" in arbitrery units 


Fig. 3. Curves as in Fig. 2 but for 
1) hematite Feo0,, 2) ferrous ferrite 
Feo ° Fe 903 a 45 Ti09 . 2Fe903.- 


" sn arbitrary units 
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Fig. 5. Curves as in Fig. 2 but for 
the following ferrites: 1) 18% NiO+ 
+ 42% ZnO + 40% Feg90z, 2) 25% MgO + 
+ 25% ZnO + 50% Fe 03, 3) No- 1 BY 
(h.f.) ferrite (taken from induction 


coil core). [B4* VCh/. 


Fig. 4. Curves as in Fig. 2 but 
for the following ferrites: . 
1) 17% NiO + 33% ZnO + 50% Fe 903, 
2) 18% NiO + 33% ZnO + 49% Feo03; 
3) 20% Nio + 30% ZnO + 50% Fe903- 


1000 


2000 =5000 


Fig. 6. Curves as in Fig. 2 but 
for single crystal of magnetite 
Fe304, cut in the form of a thin 
disc (3 mm dia., 0.1 mm thick), 
with different orientations of 
the disc relative to the external 
field: 1) (100) plane aligned wit 
with field; 2) (110) plane 
aligned with field. 
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Table 1 


Characteristics of certain ferromagnetic materials obtained in measuring 
uw" as a function of the magnetic field 


| Pte ie eon 

| . | | | 
i] i] o 

a Ae eee a, 

Po <4 0 5 | 

Ne “e m 124 ke oo 
f : ov Fo o ° fs Ss) 
Material 284-8 ¢. bee tg 5 

Ae tos pee ee ie 
go } 8% (fe ibs 5 

a° 55 2 os | 

o * a3 ob 8 ae 

4 a& (ze '&S& fi | 

| 


Det Ra eas a 1850 2,32 | 28 
ea FeO Ch). ee ce 6) er we. SET Se ees ee 1950 apple: 3, 1 | 
3 | FeO.F0.. 6 ee ee es 1800 2.27 '@, 2 
4} BOQ eR re ee ke nae pee» tae 2200 2 Oe te | 
5 | 25 % MgO +25 % ZnO + 50 % FeO, . . . | 2000 2,47 }S, 2 
6 | 20 % NiO +30 % ZnO +50 % FeO; . . .| 3100 2,13 | 4,-3 | 
7 117 % NiO + 33 % ZnO + 50 % FeOs . | 3100 2:10 | 4, 1 | 
8 | 18 % NiO + 33 % ZnO +49 % FeO, . . .| 2600 2.10)4,-24 
9 | 15 % NiO +35 % Zn0+50 % FeO; . . .| 2400 2 Atl: a 
10 | 18 % NiO + 42 % ZnO +40 % Fe.0s . . .| 1650 2.38 5, at 
11 | single crystal FeO.Fe.O; [100]. ...... 1550 2,34 | 6, 1 
12 | Single crystal FeO.Fe,0; [110]... ..- - 1850 2,24 | 6, 2 | 
cc (eee Pe 5 FeSys. Stele = 2600 Bip 2,2 
MOU eS ee eer 1950 DAT 5, 3 | 
eT tel a i aie ey ae 2200 2,17 | 3, 4 


*values for 28 » rather than &. 


(8.1-12.8) +109 cps. The error of measurement is not over 5%. Knowing 
the standing wave ratio we can readily determine the travelling wave 
ratio, since they are reciprocal. For our determinations of the high- 
frequency permeability and dielectric constant of low-conductivity 
ferromagnetics at a wavelength of 3.28 cm we employed the method of 
Birks and Lazukin (Ref. 3), based on measuring the waveguide impedance. 
While we used the method for ferrodielectrics it can be used with equal 
success for the investigation of ferromagnetic metals in the form of 
fine powders dispersed through a non-conducting medium. 

The permeability and the dielectric constant may be determined from 
two parameters: the wave impedance Z of the medium (i.e. specimen) 
relative to the wave impedance in free space and the propagation con- 


stant (Ref. 4): 
Gla ay 1 
Z=(%) (5) and = FZ (pe) (6) 


where A, the wavelength in free space, determines the phase velocity 
(the imaginary component of Y)- The real component of Y characterizes 
the attenuation constant. For lossy dielectrics, € is a complex 


quantity: 


—id, 


e=e’—is"=|ele *, (7) 


where tan & = e"/e' is the dielectric loss tangent. 
Analogously, the magnetic loss for ferromagnetic materials at high- 


frequencies is characterized by 
tang, = n"/u', (8) 


termed the magnetic loss tangent. 


= ~ 4 . 
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If the measuring line is shorted at the output end by a metal 
plate and the probe is then displaced from its extreme position at the 
‘output end in towards the generator, the location of the first node 
can readily be determined. This is the location of the reference end 
of the line. In measuring the full impedance the distance to the first 
node (i.e. the next or first measurement node) should be reckoned from 
this reference end. 

The circuit shown in Fig. 7 was assembled for making the measure- 
ments; it consists of an oscillator, an attenuator and a measuring line, 
connected at one end to the specimen chamber and at the other to a uni- 
form line with a displaceable short circuiting piston. 

If the specimen does not 
introduce distortion, displace- 


Wipes ment of the piston produces a 
bide corresponding equal displace- 
We fl, co ment of the voltage nodes in 


U the measuring line. On the 
other hand, if the specimen 
does introduce an inhomogeneity 


a A into the measuring line, the 
ai mnie: Ot i C shift in the position of the 
= E nodes will not be equal to the 
Bre piston displacement. The 
es measurement method is based on 


this effect; the experimental 
Fig. 7. piagram illustrating method of procedure is the following. 


determining the permeability and di- Two arbitrary reference 
electric constant from measurements points a and a, (Fig. 7) are 
of Zs, and Zop in a waveguide: 1) os- selected on the measuring line 
cillator, 2) attenuator, 3) measuring and the two corresponding 
line, 4) specimen, 5) section with points b and bo on the piston 
piston, 6) equivalent circuit. line are noted. The piston is 


then displaced various distances 
L from point b and the corresponding displacements of the node point x 
in the measuring line relative to point a are determined and recorded. 

The ratio of the input impedance of the filled waveguide to the 

wave impedance of the empty waveguide was measured when the line was short 
circuited and when the line was connected to a shorted quarter-wave sec-— 
tion, which is equivalent to an open circuit. The relative input im- 
pedances of a short circuit and open circuit are given by 


; 21 
ke tg — (Al, + @) i ky — i tg (AL + a) 
‘0 


c= -— (9) and Lop= 


Kien Dra od (10) 
Ao 40 


In the above equations k, and kg are the travelling wave ratios when 

the specimen is placed at the node and at the antinode, respectively; 

Al, and Al, are the corresponding displacements of the node, Aj is the 
wavelength in the empty line, and d is the thickness of the absorbing 
impedance /obstacle/. Next the total impedance Z, of the line is deter- 
mined in terms of the open and short circuit impedances (see Ref. 1, 

Ds eon): 


2p (2.2 Zany", (11) 
From a solution of Maxwell's equations, we can express E€ and u of 


the substance, comprising the load impedance, in terms of Zsc and Zop 
and, consequently, through Al and A: 


pe 
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ine & 
(po ||| wae may l: K | 
jp l= 2nd (Zsc Z op) C12) and je|= 57° (hecho 4 (13) 
Values of the dielectric constant and the permeability at room 
temperature for the different substances as functions of the specimen 
thickness, computed on the basis of the experimental data according to 


equations (12) and (13) are listed in Table 2. 


Table 2 


Moduli of the dielectric constant and the permeability of certain _mag- 


netic materials with different thicknesses gf the specimen 


a) E ‘ 5 3 : Ry = 

; a rae ce - . at nee - 

- Material 8g J ie ¢ : : 

o & Pa: w 3 E = o> 

2° ‘ U & 9 q } 

& iy x o o 3 w 
es fer cL ee rea ok am yD Pye] ae 1,50 | 2,50 | 4,00 
PaGaL ie Gee we XLS notte 2,10 | 3,45 | 2,00 | 4,00 | 5,50 | 5,00 
eT a eo ee oe 2,20 | 1,80 | 8,20 | 0,90 | 4,90 | 6,00 
Pe ee se a ce ee 4,50 | 4,60 | 3,00 ,20 | 4,90 | 3,50 
5 | 25 % MgO +20 % ZnO + 50 % FeO, | 1,70 3,10 | 3,40 | 0,80 | 6,60 6,60 
6| 20 % NiO +30 % ZnO +00 % Fe.V3 | 1,65 | 4,00 | 3,00 | 0,70 | 4,40 12,40 
7/17 % Ni0+33 % ZnO +00 % Fe.Q3 | 1,20 | 5,60 | 4,60 | 0,80 | 4,20 10,00 
8| 48 % NiO +33 % ZnO + 49 % FegW | 1,30 | 3,90 | 7,00 | 0,70 4,90 | 11,40 
9| 15 % NiO +35 % ZnO +50 % Fe 03 | 4,20 | 3,80 | 7,20 0,60 | 3,80 | 20,00 
10 | 18 % NiO +42 % ZnO + 40 % FeO, } 2,00 | 3,47 | 8,00 | 0,50 4,00 | 44,00 
44.| 95 0% FesQ,t5 % FeSp .-- +++ 1:50 | 3,00 | 4,50 | 1,00 | 3,00 | 5,00 
oR ie gig 0 A eS, BO a 2.50 | 7,00 
43 | FeoOs ie, ee Pe See etek e cee 1,70 | 7,00 |. 5,00 | 1,40 5. 50sec 

Table 3 
Real and imaginary components of the permeability and dielectric con- 


stants and the values of the magnetic and dielectric loss tangents of 


certain magnetic materials 


H . 2 
§ E "| tgs © 
No : 7 at gs, = ” * | tg = : 
si Material og od cee SS tl eh 
c= | 
| & ue : 4 Bi ie yee. 
er a » | 1 
| | | | : Me 
| FES: 3,00 {1 ,66)0, 71 ur JAE 1,30 Hs 
“ | Fee03 1,70 |6, 702,20 74 0,89 ba : 
3 | FeO. FeO 40 12.4710,99| 69° 4, 75]8,36) 04 
3 | FeO. Feg03 I | 2,10 |2,47)0,9. 6 ‘ 36) : 
4 Feo Fes! is I] Rive, ee 3/0010,98 ta” 1,86)0 25) 83" 
5 TiOs OF cnt )o 4 1,50 0, 20\1 ,40 8° 0,20)1 10 10 
6195 % e,Qy+0 % FeSe (50 [1,c0];82) 10° |3,80\4,75| 387 
Pea URED | setae ce tone ER 45° Jo, 18)3,08] 99° 
g | 25 9 MgO + 20 % Zn + 50 % Fes03 | 1,70 2,441 ,60) of 3,30|2,20 61" ; 
9} 18 0%, NiO. + .42-% ZnO + 40 ° Fee, | 2,00 j0,90)2,. OV) 20" 4,10 1,00 18° 
40 | 20%, NiO #30 % ZnO +20 % FeO | 1,65 1,922,140) aA" 13,00} 00) e. 
44 | 17 % NiO + 33 % ZnO + 1.0 % FeeOs 1 20 14, 00|0 97) 76 16, 30)8, 00 54 
42 | 18 % NiO + 33 % ZnO +49 % Fe2Qs3 | 1,30 4, 44)3 10 20° 1, 66), 40 17 
13 ioe NiO + 30 % ZnO + 00 % ln ee vo® = |2,03)0, 34) - 80 
. o | 
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The variation of the values of the dielectric constant and permea- 
bility with the thickness of the specimen is explained by the fact that 
the equations used for computing jé|and || are inaccurate and give un- 
due weight to the specimen thickness. The dielectric constant of non- 
magnetic materials can be determined by the same method from measure- 
ments of Zo,, Zo and Yo. 


Data on the dielectric constant, magnetic permeability and magnetic 
and dielectric loss tangents of the same materials obtained by the open 
and short circuit method are given in Table 3; it will be noted that in 
general there is close agreement with the data of other investigators. 

Many of the materials were never previously investigated. 


Conclusions 


1. We developed a method for investigating ferromagnetic resonance 
absorption in a resonator. 


2. Values of the spectroscopic splitting factor g computed on the 
basis of our experimental data are in good agreement with the values 
given in scientific literature for certain ferrodielectrics. 


3. In the case of two Ni-Zn ferrites, in addition to a resonance 
peak at high frequencies we observed an antiresonance minimum (in the ," 
curves) in the region of low frequencies. 


4. Pronounced crystallographic anisotropy was observed for a crys- 
tal of FeO:Fe903.- 


5. In the measurement in which the waves pass through the investi- 
gated substance, the imaginary component of the magnetic permeability 


wu" can be separated from the real permeability ' through control of the 
frequency shift. 


6. We give a method for measuring the permeability uw and the di- 
electric constant €. 


7. The results of measurement of Time ykcrnge 0 ergy Pele 8 6 bu and tan d¢ 
for thin specimens of certain ferrodielectrics Show good agreement with 
the data in literature. 


The writer wishes to express his thanks to S. V. Vonsovski for his 
helpful discussion of the experimental results. 


Physico-Technical Institute of the Received 
Kazan’ Branch of the Academy of Sciences 14 July 1954 
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ELECTROMAGNETIC PROPERTIES OF OXIDE FERROMAGNETIC MATERIALS 
ee: N. N. Shol 'tz 


Theoretical investigations of oxide ferromagnetics disclosing the 
exceptional electromagnetic properties of these new magnetic materials 
could not but attract the interest of the electrical and communications 
equipment industry which makes extensive use of various high-quality 
magnetic materials. In recent years we have witnessed the development, 
manufacture and successful application of a number of magnetic materials, 
consisting of solid solutions of ferrites, having different desirable 
electromagnetic characteristics and adapted to different purposes. 

Some results of an investigation of a group of solid solutions of 
nickel-zine ferrites of different composition in static magnetic fields 
are shown in Fig. 1. The investigation of the variation of the permea- 
bility, magnetization, specific resistance and Curie temperature with 
the molar composition was carried out on specimens prepared in a manner 
to insure optimum formation of the solid solution. AS may be seen from 
the curves, the initial permeability is strongly dependent upon the 
proportion of the components: an increase of only a few per cent in the 
relative nickel ferrite content in the region of low nickel ferrite con- 
centrations leads to a reduction of the permeability to half the initial 
maximum value. Both the magnetization in weak fields and the intensity 
of magnetization in the vicinity of saturation vary with the composition; 
the flux density in a 100 oersted field shows a maximum of about 4800 
gauss for a composition close to the stoichiometric. The Curie point 
temperature, which at high nickel ferrite concentrations approaches 
500°C (for pure nickel ferrite To S= 560°C), drops sharply in the region 
of maximum initial permeability mixtures (low nickel concentrations). 

The specific resistance, which is indicated approximately by the dash 
line in Fig. 1, is lowest for materials having the highest initial, per— 
meability. 
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Fig. 1. Variation of the main Fig. 2. Permeability dependence of the 
electromagnetic properties of hysteresis coefficient at f.« 100 ke and 
Ni-zn ferrites in static fields He = 1 oersted for specimens of varying 
with the molar composition. composition sintered at 1350°C (Curve 1) 


and for specimens of the same composition 
sintered at 1250-1150°C (Curve 2); also 
permeability dependence of the loss tangent 
at 100 ke and Hy = 0 (Curve 3). 
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More detailed investigation of a number of nickel-zinc ferrites 
1n alternating fields showed the best relation between the permeability 
and the hysteresis coefficient $, is obtained with incomplete formation 


of the solid solution of the given concentration. Apparently, in such 
cases there is present a non-magnetic or weakly magnetic phase whose 
effect is somewhat analogous to that of an air gap in a magnetic circuit: 
the relationship between the hysteresis coefficient and the permeability 
for magnetic circuits cOntaining air gaps is quadratic. The more favor- 
able relation between wt, and §}, is, naturally, obtainable only for fer- 


rites with an initial permeability below the maximum for the given type 
of mixture. Curve 1 in Fig. 2 shows the relation between WU, and $y in 

an alternating field having a frequency of 100 ke for specimens of dif- 
ferent composition (see Fig. 1), sintered at 1350°c. Curve 2 applies 

to specimens of the same composition, sintered at 1250-1150°C (i.e. with 
the formation of the solid solution not going to completion). The total © 
loss tangent at f = 100 ke and Hg =O decreases with the permeability at 
about the same rate regardless of whether the given initial permeability 
is obtained by varying the composition or the Sintering temperature. 

As the result of earlier research on solid solutions of nickel-zinc 
ferrites, four groups (ten types) of oxide ferromagnetics ~ known as oxy- 
fers - having different electromagnetic characteristics are now in pro- 
duction. These new materials are already being widely used for the 
cores of high-frequency transformers employed in wire communication, 
radio and television, the cores of magnetic amplifiers, frequency con- 
verters, magnetic variometers, filter coils and chokes, as well as for 
certain components of meters and other test instruments; the commercial 
availability of these new ferrites has greatly expanded the application 
of magnetic materials and has made possible the development of many new 
and radically different circuits and types of equipment. The basic 
parameters of these oxyfers in static fields are listed in Table 1 and 
Fig. 3. 

Oxyfers may be divided into four groups on the basis of their physi- 
cal properties: 

Group I comprises the oxyfers with the highest initial permeability: 
2000-1000 gauss/oersted. Oxyfer 1000 has a higher Curie point than 
Oxyfer 2000. Because of the high specific resistance of oxyfers, eddy- 
current losses are negligible; consequently, the permeability in weak 
fields is constant over a wide range of frequencies and the loss tangent 
is small (Fig. 4). In stronger fields the permeability drops Sharply 
with frequency, as may be seen from the curves for Oxyfers 2000 and 1000 
shown in Fig. 5. It is interesting to note that the frequency losses 
increase sharply with rising temperature. Fig. 6 shows the temperature 
dependence of the loss tangent for several oxyfers; the values of the 
tangent were obtained by extrapolating the variation of loss tangent 
with field strength curves to H,=0O. It is possible that the increase 
in frequency losses is connected to some extent with the large negative 
temperature coefficient of specific conductivity. The hysteresis loss 
tangent shows little change with temperature within the limits indicated 
In Fig. 6. 

By exercising great care in fabrication (using highest purity raw 
materials, insuring accurate proportioning, guarding against contamina- 
tion in the process of manufacture and making sure that the formation 
of the solid solution goes to completion) it is possible to obtain 


* The hysteresis (loss) coefficient Sy was determined from the change 
in the total loss tangent to 1.0 oersted (assumed to be linear) 
i.e. from the slope at 1 oersted. 
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Fige 3. Magnetization curves for dif- 
ferent rrades of oxyfers: 1) Oxyfer 
2000, 2) Oxyfer 1000, 3) Oxyfer 600, 
4) Oxyfer 500, 5) Oxyfer 400, 6)Oxy- 
fer200, 7) I-4, 8) I-5, 9) RCh-15, 


10) RCh-10. 
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Fig. 4. Frequency denendence of the 
effective permeability (solid lines) 
and the loss tangent (dash lines) at 
H, = 0 for 1)Oxyfer 2000, 2) Oxyfer 
1000, 3) Oxyfer 400, 4) Oxyfer 200, 
5) 50 NKhS ferro-nickel alloy, 0.1 mm 
thick. 
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Fige 6. Variation of loss tangent with 
temperature at 100 kc and Hg = O for 
1)Oxyfer 2000, 2) Oxyfer 1000, 3) Oxy- 
fer 400 and Oxyfer 200. p 
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Fig. 8. Variation of effective perme- 
ability (solid lines) and loss tanrent 
(dash lines) with field intensity at 
100 ke for 1) Oxyfer 600, 2) Oxyfer 500, 
3)Oxyfer 400, 4) Oxyfer 200 and I-4, 
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nickel-zinc ferrites having appreciably higher values of permeability 
and induction than those given in Table l. 

A section of the magnetization curve and the variation of the 
permeability with the field intensity and with the temperature for a 
specimen characterized by an initial permeability of 5000 gauss/oersted 
are reproduced in Fig. 7. 

Oxyfers in Group II differ from those of Group I in having much 
lower losses in general and particularly a markedly lower hysteresis 
loss; investigations indicate that this is due to the use of lower 
temperatures in sintering the oxyfers in this group. The dependence 
of the permeability and loss tangent on the frequency and intensity of 
as eo field for Oxyfers 600, 500, 400 and 200 are shown in Figs. 

an : 

Where an even greater reduction of the hysteresis loss - and of 
losses in general - is required, recourse is had to open magnetic cir- 
cuit core designs (shielded cores, LlI-shaped cores with an air gap, 
H-cores, cylindrical cores, etc.). The best material for such cores is 
Oxyfer 400; the hysteresis coefficient, the eddy currents and the effects 
of these in such cores will not be higher and in most cases will be ! 
appreciably lower than in cores of magnetodielectrics having the same 
initial permeability. 

Group III comprises oxyfers with a high value of the saturation 
inductance and a high Curie point; as regards other parameters Oxyfers 
I-4 (Y-4) and I-5 (W-5) differ little from Oxyfer 200. 

Oxyfers of Group IV - the radiofrequency oxyfers fpussr.t./ - are 
characterized by the fact that their loss tangent depends little on the | 
frequency. Using these materials in a closed magnetic circuit design, 
one can obtain inductance coils having a Q-factor _of about 200 in the 
megacycle band and a Q-factor of 50-100 in the 107-10 cycle range. 

Cores of these oxyfers show appreciably higher hysteresis losses than 
open magnetic circuit cores of Oxyfer 400 and, hence, can be used only 
in equipment where nonlinear distortion is not objectionable. The out- 
standing characteristic of the oxyfers in this group which distinguishes 
them from all other types of radiofrequency core materials (magneto- 
dielectrics and Oxyfer 400 in open magnetic circuit cores) is the sharp | 
change in their permeability with the application of a static magnetic | 
field. 

The rapid variation of the reversible permeability with external 
field intensity exhibited by oxyfers in a wide range of frequencies is 
a consequence of their exceptionally high specific resistance and the 
non-linearity of their magnetization curve, this characteristic is made 
advantageous use of in the design of magnetic amplifiers, variometers, 
frequency converters and similar equipment. The variation of the re- 
versible permeability and the reciprocal of the loss tangent with the 
intensity of the magnetizing field for a number of commercial oxyfers 
and for thin-rolled permalloy strip at 100 ke is shown in Figs. 9 and 10. 
It is interesting to note that even for the 5y thick lamina of special 
iron-nickel alloy, which in static fields shows a hysteresis loop 
approaching the rectangular, the reversible permeability at 100 ke drops 
off less sharply than for the oxyfers. This is explained by the breaking 
off of the permalloy magnetization curve, due partly to the cold harden- 
ing of the rolled metal (not fully relieved even by the most careful 
heat treatment) and partly by the effect of eddy currents. At much 
higher frequencies the drop in reversible permeability with increased 
field intensity is reduced for the oxide ferromagnetics in question as 
well, which may be taken as evidence of a break in their magnetization 
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Figs 9. Variation of the reversible perme- Fig. 10. Reversible permeability in 
ability and of the reciprocal of the loss strong fields (f = 100 kc): 1)Oxyfer 
tancent (dash lines) with the field inten- 2000, 2) Oxyfer 1000, 3) Oxyfer 600, 
sity at 100 ke and H, = 5107 oersteds for 4) Oxyfer 400, 5) Oxyfer I-5, 6) 50 NP 
1) Oxyfer 2000, 2) Oxyfer 1000, 3) Oxyfer nickel-iron alloy, 5 p thick. 
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with field intensity for 400. 1000, 2)Oxyfer 400, and 
Oxyfer RCh-15. 3) Oxyfer RCh. 
[RCh stands for radio-frequency/ 
curves. AS may be expected, the sharpest drop in reversible permea- 


bility is observed in the case of oxyfers with the steepest magnetiza- 
tion curve. For an oxide ferromagnetic specimen having an initial per- 
nmeability of 5000 gauss/oersted when magnetized in a 10 oersted field 

at a frequency of 100 ke the reversible permeability changes by a fac- 
‘tor of 1;250, i.e. double that for Oxyfer 2000 under similar conditions. 
In the 106-108 eps frequency range none of these magnetic materials is © 
noticeably affected by a static magnetizing field. By virtue of a large| 
internal demagnetization factor, wagneto-dielectrics, which are used 
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primarily in this frequency range, have a rather flat magnetization 
curve and their reversible permeability remains virtually constant with 
increasing field intensities of up to hundreds of oersteds. The mag- 
netization curve for the radiofrequency oxyfers is non-linear and the 
variation of the reversible permeability with field intensity is appre- 
ciable (Fig. 11). 

The temperature coefficient of permeability of magnetically soft 

(susceptible) materials, which in weak alternating fields is positive, 
generally reflects the temperature dependence of magnetization processes > 
in weak and strong fields and at a certain value of the field goes . 
through zero, then becomes negative and after passing through a minimum 
(maximum absolute value), gradually decreases in absolute magnitude. 
In the case of the investigated oxyfers (see Figs. biand 42) rene . 
temperature coefficient of the reversible permeability goes through zero. 
in the region of field intensities corresponding to the sharpest drop 
in the reversible permeability, which is highly important for certain | 
applications. 

Oxide ferromagnetics have a very high dielectric constant. The 
values of € at a frequency of 100 ke are listed in Table 1. The dielec-— 
tric properties of oxyfers depend on the frequency as may be seen from 
Fig. 13, where the variation of the real and imaginary parts of the di- 
electric constant with the frequency are plotted for Oxyfers 1000, 400 
andRCh(r.f.). Assuming that there is a direct relation between the di- 
electric loss and the conductivity of semiconductors, the decrease in 
the imaginary part of the dielectric constant with increasing frequency | 
may be regarded as decrease of specific resistance with frequency. je | 
there really is a rapid drop in specific resistance with increasing {re=3 

| 


quency, which could be explained, for example, by structural inhomogen- 
eity, then appreciable eddy currents may develop at high frequencies in 
these ferrites. 

In the course of our investigation the need for a thorough and 
comprehensive theoretical study of this new group of non-metallic fer- | 
romagnetic materials became increasingly evident. It 1s essential to 
investigate the physics and mechanism of the formation of ferrite solid 
solutions and the manner in which the conditions of preparation affect 
the electromagnetic properties and the structure of these oxide products. 
No less important is the development of an adequate theory to explain 
the behavior of oxide ferromagnetics in both weak and strong alternating 
fields within a wide range of frequencies. Such investigations cannot 
but lead to the development of new materials even better suited for 
various special applications. 
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MAGNETIC FERRITES IN ALTERNATING FIELDS 
- L. I. Rabkin 


l. Introduction 


In recent years ferrites have attracted the attention of many 
physicists, technicians and microwave engineers, both due to the pos- 
Sibilities they offer as regards the study of ferromagnetism in general 
and because of their great potentialities as magnetic materials for use 
in communications and other high-frequency equipment. 

The electric and magnetic properties of ferrites have been investi- 
gated and reported on by Snoek, Smolenski, Shol'ts, Piskarev, Toporov, 
Freidenfel'd, Epshtein, Fomenko and Rabkin (Refs. 1 through 9) and 
many others. 

The present contribution is concerned with certain results of an 
extensive investigation of ferrites carried out in 1952 in the LONIIS 
(Leningrad Oblast Communications Research Institute). The properties 
and characteristics of the ferrite specimens prepared at the Institute 
were determined using high-frequency bridge set-ups, an oscillographic 
ferrometer and other special test equipment. 


an Technology of preparation 


There are three basic methods of preparing ferrites: 
1. By sintering a compressed mixture of powdered oxides. 


2. By Sintering compressed hydroxides, obtained by precipitation 
with accurately proportioned amounts of alkali. 


3. By sintering compressed mixtures of the appropriate oxides, 
obtained by thermal decomposition of the carbonates, oxalates, nitrates 
or sulfates of nickel, manganese, zinc, iron and other metals. 


Comparing the three methods, we note that the product obtained by 
the simultaneous precipitation of hydroxides is the most homogeneous 
and active by virtue of the exceptionally large surface area of the pre- 
cipitated material. 

Second in order of chemical activity are the mixtures obtained by 
thermal decomposition of the metal salts. 

The powdered oxides are the least active, Since the potential 
energy available for chemical reaction is minimal in this case in view 
of the well defined crystal structure of the particles. 

Toporov, Freidenfel'd, Epshtein and Rabkin have shown, however, 
that ferrites with virtually identical properties can be obtained by 
any of the listed methods (Ref. 6). The weaker activity of a batch pre-' 
pared by mixing powdered oxides can be compensated for by modification 
of the synthesis conditions, i.e., by sintering for a longer time and/or 
at a higher temperature. 

By way Of illustration, we show in Fig. 1 the frequency dependence 
of the permeability and the loss tangent for ferrite cores of the same 
composition, but prepared in different ways. The solid lines are for 
specimens from a batch prepared by mixing powdered oxides, while the 
dash lines are for a batch prepared by precipitation of the hydroxides. 
ChDA grade raw materials were employed in both cases. 


It follows that the 

. method of preparing the batch, 
Pe SA cairo scream sal J provided it does not involve 
the introduction of additional 
impurities (the effect of these 
is usually to reduce the per- 
meability and increase the loss 
tangent), is in itself not im- 
portant as far as the ultimate 
magnetic properties are con- 
cerned. Of course, it must be 
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Fig. 1. Variation of permeability () borne in mind that in view of 
and loss tangent (tg §) with the fre- the kinetics of synthesis the 
quency for ferrites of the same compo- mixtures of powdered oxides re- 


Sition, but prepared in different ways: quire longer roasting ata 
solid lines - by mixing powdered oxides higher temperature. 


(specimen No. 280); dash lines - by From the point of view of 
precipitation of hydroxides (specimen the technology and economy of 
No. 307). production, selection of the 


method of compounding the 
batches deserves careful consideration, since it is an important factor 
in determining the cost of the product. As compared with the other 
methods, the method of mixing oxides has the advantage that all of the 
reacting material turns into ferrite, whereas with the other two methods 
the weight of the final product is only a fraction of the weight of the 
raw material. 

The conditions of synthesis, i.e. the temperature, the duration of 
heating and the medium in which the latter takes place, are very import- 
ant where the ultimate magnetic properties of the ferrite are concerned. 
In general it may be stated that for greater values of the permeability, 
other conditions being equal, the sintering temperature must be higher 
and the heating time longer to insure complete ferritization and homo- 
geneity of the solid solution. 

In cases when good frequency characteristics into the 10-100 mega- 
cycle range are the primary consideration, while high permeability is 
secondary, satisfactory results can be obtained by incomplete sintering 
of the specimens under appropriate special conditions. 

The frequency curves for a nickel-zinc ferrite specimen prepared 
from a batch compounded by mixing powdered oxides are shown in Fig. 2. 
It will be noted that ferrites compounded by this method and prepared 
by sintering in an atmosphere of oxygen have a satisfactory frequency 
characteristic into the 10-50 mc range at normal temperatures. These 
ferrites, which may be termed high-frequency ferrites, do not consist 
of a homogeneous solid solution; they are extremely porous and are 
characterized by a very considerable hysteresis loss. However, in most 
cases the operating conditions for magnetic materials in the 107 cps 
region are such that hysteresis losses are not an important considera- 
tion. 
Tests of coils with toroidal cores of this material show that even 
at frequencies of about 40 megacycles it is possible to obtain a Q-factor 
of over 100 with a core volume of 1-1.5 cm. | 

In view of the fact that manganese exhibits different valences in 
oxidizing, the preparation of manganese-Zinc ferrites calls for special 
processing conditions: the manganese must be present in the mixture in 
the form of bivalent jons. The basic method of controlling the valence 
of manganese in preparing ferrites is through appropriate selection of 
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Fig. 2. Frequency dependence of LL Fig. 3. Frequency dependence of 
and tan é for NTs-10 /Nickel-Zinc/ “Wand tan § for two specimens 
ferrite (specimen No. 799), prepared (Nos. 372 and 373; latter des-= 
by sintering a mixture of powdered cribed in the text) of MSh-100 
Oxides in oxygen. manganese ferrite. 


the sintering medium (see Ref. 7). The Synthesis of magnetically "soft" 
manganese-Zinc ferrites is best carried out in an inert medium. If thie 
condition is observed it is feasible to obtain ferrites with a permea- 
bility of the order of 2000 gauss/oersted or higher. More attentions 
should be given to research and development work on manganese-zinc fer- 
rites in view of their low hysteresis losses and the fact that manganese 
is comparatively inexpensive and in ample supply. 

It must be noted that not only solid 
solutions of magnetic and non-magnetic fer- 
rites but also some solid solutions of man- 
ganese ferrite with iron oxides exhibit 
interesting characteristics. Thus, for 
example, ferrite, consisting of 65 mol% 
Fe903 and 35 mol% MnO, together with a per- 
meability of the order of 100 gauss/oersted 
has a very small loss tangent at all fre- 
quencies ranging up to several megacycles 
6 Sap = ames i ae 

However, among other shortcomings, this 
material has a rather pronounced magnetic 
instability, in view of which it can be used 


tion of the permeability to the extent of 

several per cent is not objectionable. In 
Open magnetic circuits the permeability is 
more constant. The material also exhibits 
6 6 7 HW 7% 19 % 1 7% ko strong resonance characteristics, with the 
resonance frequency depending on the dimen- 


Fig. 4. Frequency depend- sions of the specimen. Thus for an annular 
ence of u and tan § in the core of rectangular cross section, having an 
resonance region for an outside diameter of 2.72 cm, an inside dia- 
annular specimen (No. 373- meter of 2.14 cm and a thickness of 0.51 cm, 
described in text) of the resonance frequency is 72.5 kc (Fig. 4). 


MSh-100 manganese ferrite. As may be seen from the curves, the permea- 
bility changes from 95 to 90 gauss/oersted 
and the loss tangent varies between 0.0025 and 0.045 in the region of 


resonance. 


in closed magnetic circuits only where varia- 
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3. Some characteristics of nickel-zinc ferrites 

The basic technical characteristics of magnetic ferrites are usu- 
ally given in the form of a family of curves showing the variation of 
the permeability and loss tangent with the frequency at different field 
intensities (Fig. 5). High-frequency magnetic materials are also 
characterized by three loss coefficients or factors, obtained from the 
curves for the variation of the loss tangent with the frequency and 
with the field strength. These factors are usually called the hystere- 
Sis (loss) coefficient, the eddy current loss factor and the secondary 
loss (eddy current aftereffect) coefficient. For engineering design 
purposes, in cases of a relatively narrow frequency range and weak 
fields, it is usually permissible to divide the losses in the same man- 
ner for ferrites, since it is more convenient to make design calcula- 
tions using constant parameters (coefficients), rather than with refer- 
ence to a family of curves. However, it must be remembered that in the 
case of ferrites the losses, whose tangent is pr- tional to the fre- 
quency, are due primarily to magnetic viscosity anu only fractionally 
to eddy currents. 

There is reason to assume that in metallic ferromagnetics and in 
magneto-dielectrics the component of the loss tangent proportional to 
the frequency also characterizes the total loss due to eddy currents 
and to magnetic viscosity. Hence, the equation for the loss tangent 
must have the form 


R 
dc ™ ona = $n + Sef + Sis (1) 


where 
de = Sec + Sne> (2) 


R, is the resistance connected with losses in the core, Ne is the mag- 
netic loss angle in the core, Sh is the hysteresis ince coefficient, ee 
is the coefficient of the losses proportional to the ae bce is 
the frequency dependent eddy current loss coefficient is the second 
ary high-frequency loss coefficient and Oe is the inca secondary 
loss (eddy current aftereffect) coefficient. 


be 

tg6-109 
150 

/ 

2 
100 3 

iy 
dO — 

200 400 600 600 1000 1100 \c - 80-60-4020 0 20 40 60 60 100 12O1W0 160 10 200 220240 280 +, °C 
Pig. 5. Family of curves ror The Fig. 6. Temperature dependence of w- 
frequency dependence of the loss for nickel-zinc ferrites: 1) NTs-40 
tangent (specimen No. 75) of NTs- (specimen No. 90); 2) NTs-100 (No. 
250 ferrite (Uo = 280; W = 50 130); HY = 10 milli-oersteds ; 


turns) at different magnetic es Ge f = 800 cps. 
“intensities: 1) 80-10°%, 2) 60-10~ 
3) 40-10-%, 4) 20-10-3 oersteds. 


- 166 - 

At frequencies of several hundred kilocycles the eddy current loss 
in ferrites is small. This has been proved by a number of experiments 
in which the losses for different cores of the same material but of 
different cross section were compared and by tests in which the losses 
in compact ferrite cores (cores of Single ferrite with no additions) 
were compared with those in cores of ferrite magneto-dielectrics (i.e. 
cores consisting of a mixture of ferrite powder with a dielectric 
material). 

The increase in the initial magnetic permeability, particularly in 
the case of high-permeability ferrites, is linear Only in relatively 
weak fields. 

This led certain investigators to conclude that Rayleigh's law does | 
not hold for ferrites. Our repeated permeability measurements on many 
ferrites have shown, however, that there is always at least a small 
region near the beginning of the curve where the field-dependence of 
the permeability is linear. 

Hence, in obtaining data for dividing the losses into components 
as mentioned above, the measurements must be made in very weak fields 
and at relatively low frequencies (i.e. in the region where the varia- 
tion of the loss tangent with the frequency is linear). 

The variation of the permeability of nickel-zinc ferrites with } 
temperature is shown in Fig. 6. It will be seen from the curves that 
the permeability increases to a maximum value as the Curie point is 
approached and then, in the vicinity of the Curie point, falls off ) 
sharply. The temperature dependence is most pronounced for the initial | 
permeability and the permeability in weak fields. As a rule, the higher | 
the initial permeability of a ferrite, the lower its Curie pont. 

Determinations of the temperature dependence of NTs-2500 ferrite 
in different fields (10 to 350 milli-oersteds) have shown that the 
temperature coefficient goes as high as +380-10-° in the 20-40°¢ interval. 

Such high temperature coefficients make it feasible to use high- 
permeability ferrites in closed magnetic circuit cores only where a high | 
degree of stability is not required (for example, in transformers and ; 
chokes). Low-permeability ferrites, such as NTs-250, NTs-100, etc., | 
are superior in this respect: they have a higher Curie point and their 
initial permeability is less dependent on the temperature. The tempera- © 
ture coefficient of permeability of these ferrites in the -30 to +30°C 
range is comparable with that of ordinary magneto-dielectrics. i 

In the production of ferrites, even minor changes in the manufac- 
turing procedure may result in appreciable alterations of the magnetic 
properties. Hence, the characterization of a particular type or grade 
of ferrite based on measurements On an individual specimen may be mis- 
leading; to obtain a representative picture one must average the data 
for a series of specimens from different production lots. Frequency 
dependence curves of the permeability and loss tangent for a number of 
standard type ferrites, based on such averaged data, are shown in Fig. 

7. The dependence of the permeability on the field intensity at audio 
frequencies is given in Fig. 8. 


4. Magnetic reversal loops and non-linear distortion in nickel-zinc 
ferrites 
From the engineering point of view, it is most important to know 
the properties of ferrites in the region of high frequencies. For prac- 
tical purposes it is desirable to investigate not only the frequency 
and field-intensity characteristics of the materials but also the speci- 
fic magnetization characteristics at various peak field strengths and 
frequencies. 
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Fig. 7. Frequency dependence 
of up and tan § of typical 
ferrites in weak fields. 
Toroidal specimens, 0.5 x 0.3 
in cross section. Curves 
plotted for averaged data ob- 
tained for a number of speci- 
mens from different lots. 
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Study of the magnetization charac- 
teristics is essential not only to as- 
certain the nature of the non-linear dis- 
tortion introduced by the core but also 
to evaluate the possibility of using the 
various ferrites in the design of har- 
monic oscillators, magnetic amplifiers, 
and similar components. 

Whereas the static loop is deter- 
mined solely by the hysteresis loss, the 
dynamic magnetization loop derives not 
only from the hysteresis loss but also 
from the eddy current and the secondary 
(aftereffect) losses. 

The dynamic magnetic reversal loops 
are determined by means of a ferrometer, 
an oscillographic instrument which per- 
mits observing, measuring and photo- 
graphing the dynamic hysteresis loops 
(Hig. 9s “sly elements of the loop (the 
dynamic, maximum and residual induction, 
the retentivity and so on) are functions 
of the frequency and differ from the 
corresponding parameters for a static 
hysteresis loop. 

Some of the magnetization loops re- 
corded by us for standard nickel-zinc 
ferrites at different frequencies and 
field intensities are shown in Fig. 10. 

The loop area in weak and moderate 
fields is given by 


= tH, Bmax: Ca) 


where H, is the dynamic coercive force 
and Bmax is the maximum induction. 

In the case of weak fields, for pur- 
poses of evaluating non-linear distortion, 
one can use Rayleigh's equation: 


Soe: 8 
B=p, H, cos wt + 2 sin ot — a 
: 3T wT 
(4) 
sin got — oe . eases sin5ot—..- 
dices: Tc  o=ek Se. 


where b is the residual induction of the 
hysteresis loop. Measurements of the 
third harmonic (the klirrfactor {distor- 
tion factor/ for which is greater than 
97% of the general klirrfactor introduced 
by the ferromagnetic core) indicate that 
non-linear distortion at high frequencies 
is less than predicted by. equation (4). 
After a certain frequency is reached, the 
non-linear distortion begins to decrease 
in connection with the gradual change in 


dio frequencies.the form of the dynamic hysteresis loop: 


with increasing frequency the loop goes 


over from a parabolic diangle to 
an ellipse (Fig. 11). The lat- 
ter loop results in an induction 
vector displaced in phase rela- 


but without additional harmonic 
components. 


applications it is important to 
know the non-linear distortion 
Fig. 9. Block diagram of a ferrometer characteristics of ferrites. 
with electric horizontal deflection. In the case of laminated 

metallic ferromagnetic materials, 
the magnetization loop approaches an ellipse with increasing frequency, 
which explains the lower non-linear distortion at high frequencies in 
designs employing these materials. In comparison, the magnetization 
loop of ferrites undergoes less modification and, in consequence, the 
non-linear distortion of ferrites shows less decrease with increasing 
frequency. 
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Fig. 10. Dynamic magnetization loops at different frequencies and field 


intensities (a and b--in weak fields; c--in moderate fields) for a) fer- | 


rite with an initial permeability wy = 200 gauss/oersted; b) NTs-500; 
c) NTs-250. 


The values of the klirrfactor with respect to the different higher 
harmonics for NTs-250 ferrite at a basic frequency of 100 cps are shown 
in Fig. 12. It will be seen at even in a field of 1.3 oersteds the mag- 
netic flux is comprised of a large number of harmonic components, the 
amplitude of which slowly decreases for higher harmonics. 

In our tests 100 cps was selected as the basic frequency; however, 
because of the virtual absence of eddy currents in a wide frequency 
range and the consequent negligible secondary (aftereffect) losses, 
there is a close distribution of higher harmonics, which will also occur 
at higher basic frequencies of up to tens of kilocycles. Our investi- 
gations showed that the use of ferrites in fields of several oersteds 
intensity, like the use of thin laminated permalloy core materials, 
leads to appreciable harmonic distortion. 

The non-linear distortion caused by a ferrite core with a closed 
magnetic circuit falls off sharply with reduced field intensity. How- 
ever, in many cases the distortion still remains greater than is per- 
missible in certain types of high-frequency equipment. 
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Nice B22) shows .OeC; gauss/oersted) . 
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This observation applies particularly to the 100-1000 ke range; 
it must be noted that laminated metallic core materials (permalloy and 
vch /BY4 = h.f./ steel in 100-350 U thick laminae), formerly used for 
components operated in this frequency range, introduce less distortion 
than do ferrite cores. 

The non-linear distortion factors with respect to the third har- 
monic for two types of ferrite, as measured in weak fields at a basic 


frequency of 330 kc, are given in Fig. 13. 


The harmonic distortion produced by ferrite cores can be effective-™ 


ly reduced by introducing non-magnetic gaps in the path of the magnetic 
lines of force or by employing open magnetic circuit designs for the 


cores. 


5. Nickel-zinc ferrites in pulsating fields 


In modern high-frequency equipment, magnetic materials often oper- 
ate in a pulsating field, i.e., a field having both a static and an 
alternating component. Hence, it is important to investigate the varia- 
tion of the pulse permeability of ferrites, 

ty, =p, ty _= pr(1 + olf), (5) 
with the intensity of the alternating, HW, and the constant (static) 
components of the field. In (5) Uy is the reversible permeability, V,. 


is the Rayleigh coefficient for pulsating fields and &, is the co- 
efficient of permeability amplitude instability for magnetization in 


a static field. 
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Tests have shown that ferrites deviate 
somewhat from the theoretical law of Hans: 
%, { 1 I 4 
Sac as’ 7, "2 ee 
the divergence between the theoretical and 
experimental values for low-permeability 
ferrites is of the same order of magnitude 
as for many metallic ferromagnetic mater- _ 
ials, while for high-permeability ferrites 
it is appreciably higher. The variation of 
the relative reversible permeability riesy Uae 
with B/Bg for a core of NTs-250 ferrite 
is shown in Fig. 14. 
In order to determine the pulse per- 
meability Ug it is necessary to find the 
dependence of VY, on the strength of the 


magnetizing field. The function Vv ,.(B/B ) 
Fig. 14. Variation of the appears to be generally similar for most 
relative reversible per- types of ferrites. It was found that the 
meability U,/H, and the following empirical equation yields values 
ratio Vr/Va with B/Bs for of V, in close agreement with experimentally 
NTs-250 ferrite: 1) ex- determined values: 
perimental curve for eee ft cid Bah ta : 
2) theoretical curve for 1, = (te a (7) 


U,/as 3) curve based on 
values computed according As may be seen from the curves for Va) Ma 


to equation (7). Experi- against B/B, reproduced in Fig. 14, experi- 
mental curves drawn mental values do not differ from computed 
through test points. values of this ratio by more than 20%. 


Thus, making use of equation (7). -we 
obtain the following computation equation for the pulse permeability 


of ferrites: 
(eB 
Pa= ree tr[t—] 7, |e 


where Wis the value of 1,./Ha at the given value of B/Bg- For the 
case of weak and moderate fields (B = 60% Bg), Arkad'ev proposed the 
equation (Ref. 10): 


(8) 


a Lee (9) 


from which one can derive the following approximate equation for the 
pulse permeability in weak and moderate fields: 


aonb VY a e 


For practical engineering purposes it is also necessary to know 
the variation of the reversible permeability with the intensity of the 
static field. In our investigation we determined the variation ofthe: 
reversible permeability for NTs-2500 ferrite at frequencies of 2, 25 
and 200 ke at three different values of the alternating field. The 
PARA te experimental curves are reproduced in Rig. 15250 060 will be seen 
that the reversible permeability of high-permeability ferrites is 
strongly dependent on the intensity of the static magnetizing field. 

The dependence of the reversible permeability on the static field 
intensity (as well as on the frequency of the alternating field) is 
weaker for lower-permeability ferrites. 
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Fig. 15. Variation of the pulse permeability (a) and the loss tangent 
(b) of an NTs-2500 ferrite core with the intensity of the static mag- 
netic field at a frequency of 25 ke for three different alternating 
field strengths: 1) H. = 7-4:10-3 oersted; 2) 14.8-10-3 oersted; 

3) 22.1-10-3 oersted. 


Whereas the reversible permeability of ferrites in a certain fre- 
quency range is only weakly dependent on the frequency, the loss tan- 
gent is very strongly frequency dependent even for ferrites with a 
relatively low initial permeability. We carried out tests on NTS-2500 
ferrite at frequencies of 2, 25 and 200 kc; the curves for the 25 ke ) 
measurements are shown in Fig. 15 b. It will be seen that the loss tan- 
gent in ferrites depends both on the static and on the alternating com- 


Investigation of the variation of the temperature coefficient of 
the reversible permeability with the static component of a pulsating 
magnetic field (Fig. 16) showed that the temperature coefficient de- 


-. creases with increasing static field intensity (over 10 permil per de- 


gree C for NTs-2500 ferrite). 
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‘ coefficients with strength of static tude of the second (solid lines) 

3 component of pulsating magnetic and third (dash lines) harmonics 

field for typical zinc-nickel fer- (Ko and K3) on the intensity of 

‘ rites at f = 50 ke and HV = 0.005 the alternating field Hina 

a oersted: 1) NTs-2500 (specimen No. static parallel field H. =0.8 oer- 

5 124); 2) NTs-1000 (specimen No. sted (f = 3 kc) for different 

} 119); 3) NTs-100 (specimen No. 147); nickel-zinc ferrites: 1) NTs-2000; . 
4) NTs-40 (specimen No. 471). 2) NTs-1000; 3) NTs-500; 4) NTs-250 

5) NTs-40. 


With further increase of the static field intensity the absolute 
magnitude of the temperature coefficient of the pulse permeability 
passes through a maximum and then decreases. It should be noted that 
in some cases the temperature coefficient of pulse permeability finally 
changes sign with increasing static field intensities, going from posi- 
tive to negative values. 

We also investigated the dependence of the second and third har- 
monics, Kg and Kg, on the value of the alternating field at different 
intensities of the static field (0 to 0.8 oersted) for cores fabricated 
of different types of nickel-zinc ferrite. It was established that the 
application of a static magnetizing field leads to the appearance of 
even-number harmonics and to a change in the magnitude of the odd-number 
harmonics. 

By way of illustration, the Kg and K3 vs alternating field strength 
curves for a number of ferrites in a constant field H. = 0.8 oersted 


(f= 3 kc) are reproduced in Fig. br ar 


6. The dielectric properties of nickel-zinc ferrites 


Ferrites belong to the group of doubly complex substances which 
in addition to distinctive magnetic properties possess dielectric char- 
acteristics and attributes. Where high-frequency applications are con- 


cerned, the dielectric properties of ferrites are extremely important 


since it has been experimentally established that the dielectric con- 


stant of ferrites is large and strongly dependent on the frequency. 
Thus, the dielectric constant of NTs-1000 ferrite at 5 kc is 1200 
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3 (Fig. 18). While in the case of low-permittivity ferrites the value 

| of the constant is lower, it is still comparable to that of conventional 
dielectric materials (see table below). 

; 

Dielectric constant E€ and dielectric loss tangent tan § 


of some of _ some nickel-zinc ferrites Zine Lerritves 


tare | i 


The permittivity of all ferrites decreases with increasing fre- 
quency. It is also worth noting that the difference between the di- 
electric constants of different types of ferrites diminishes at higher 
frequencies. 

Ferrites characterized by a higher magnetic permeability as a rvle 
also have a larger dielectric loss tangent. 
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Fig. 18. Frequency dependence of Fig. 19. Variation of dietecerz. 
the dielectric constant and the di- loss tangent with the gap length 
- electric loss tangent for a plate in an annular core of NTs-1000 
of NTs-1000 ferrite (specimen No. ferrite (specimen No. 190) at 
8-21) in two frequency ranges; 1) 60 ke, 2) 40° Ke, S)eee ee. 


1) O - 50 ke and II) O - 500 kc. 


hes Engineering applications 


As has been noted, ferrites are characterized by a high permea- 
bility in the region of high frequencies, the value of the permeability 
depending on the temperature, the intensity and nature of the magnetic 
field, the magnetic history of the specimen, etc. The fact that the 
permeability is not constant generally restricts the use of ferrites 
to components where variations of permeability are not objectionable, 
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provided its value does not fall below 
a certain specified level. Such compo- 
nents include the cores of many h.f. 
transformers, differentiating systems, 
some chokes, h.f. magnetic amplifiers, 
etc. 

However, in high-frequency engineer- 
ing extensive use is also made of vari- 
Ous coils whose induction must not change 
appreciably under the influence of the 
various factors discussed above. Such 
constant inductances include various 
types of Pupin coils, osciltating circus. 


a u peoeat rae ae S  apeaeereis coils, and filter coils, operating at 
1760 39% 157 124 90,6806 frequencies ranging from the audio region 
to hundreds of megacycles. Engineering 
Fig. 20. Variation of the specifications usually call for the in- 
magnitude of the third har- duction of such coils to be constant 
monic with the gap length within a fraction of a per cent, despite 
in an annular NTs-1000 fer- variations of the frequency, field, etc. 
rite core at different Some engineers hold that ferrites are 
values of the alternating completely unsuitable for use as core 
magnetic field, Hy: 1) 0.15; materials for constant-induction coils. 
2) Os ks 3) 0205: 4) 02020 Our investigations have shown, however, 
oersted (f = 1 kc). that given proper aging of the ferrite 


material and suitable design of the mag- 
netic circuit it is feasible to fabricate ferrite cores with very stable 
permeability characteristics, low non-linear distortion and a high Q- 
factor. One way of insuring constant permeability is by making the 
cores in the form of rings or the like with non-magnetic gaps in the 
flux path. 

In many cases the introduction of a non-magnetic gap of some hund- 
redths or tenths of a millimeter in a high-permeability ferrite core 
suffices to obtain a core, having a permeability of 100-200 gauss/oer- 
sted, with good stability and low losses. By way of illustration, the 
measured variation of the loss tangent with the gap length for a ring 
core of NTs-1000 ferrite is shown in Fig. 19. — \ 

Comparison of the losses in ferrite cores with gaps with the losses 
in magneto-dielectrics shows that, for the same permeability, ferrite 
cores are characterized by lower losses. 

The introduction of a gap makes the permeability far less dependent 
on the intensity of the magnetizing field and sharply reduces the sec- 
ondary effects due to the influence of the magnetization on the permea- 
bility and loss tangent. A gap also reduces the non-linear distortion, 
as may be seen from the curves in Fig. 20 where values of the third 
harmonic klirrfactor for an NTs-2500 ferrite core are plotted against 
gap length. 

A Pupin coil for audio frequencies, designed about an NTs-1000 
core with a gap, had a permeability of about 120 gauss/oersted and 
showed an overall instability (i.e. variation in permeability due to 
changes in temperature, field intensity and frequency as well as due | 
to secondary effects) of less than 1%, with only minor non-linear dis- | 
tortion. 

In cases where even more stable induction characteristics are 
essential, as in stabilizing circuits, the coils of quartz crystal iii 
ters and so on, coil designs with an even higher demagnetization factor 


i f - 
/ i / j 
f / 1 - 
i : 
ft of ‘ / { 
/ 
. f ’ 
. ‘ 
4 ' 
- i 
* 
i 
= A] 


TAT) eae 


7. 


re 


RR a Ne a ee ee Se 


- 175 - 


must be employed. For example, for crystal filter coils, where the 
induction must not vary by more than 0.1% at the most, satisfactory 
stability characteristics and a high Q are attainable with coaxial core 
designs. Lastly, at radio frequencies it is often advisable to use 
cylindrical cores with a relative permeability of only 2 to 5. 


Conclusions 


Comparison of the properties of ferrites, metallic ferromagnetics 
and magneto-dielectrics indicate that ferrites are the most promising 
materials for use in high-frequency equipment designed to operate in 
weak magnetic fields. 

Ferrites offer a solution to a number of difficult design problems 
in the field of high-frequency engineering. It must be borne in mind, 
however, that in attempting to replace present materials by ferrites 
one must proceed cautiously and not fail to take into due account the 
specific electric, magnetic and other characteristics of ferrites. 
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Vireanstator’s note: The ferrite designation transliterated in the 
article as NTs- is HYin Russian; these are the initial letters Zon 


nickel-zinc. 
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INVESTIGATION OF THE EFFECT OF SINTERING TEMPERATURE ON THE MECHANICAL, | 


STRUCTURAL AND ELECTROMAGNETIC PROPERTIES OF OXYFER 2000 


1. Oxide ferromagnetic substances are extremely brittle materials 
and their mechanical properties cannot be determined by conventional 
testing methods. 

Consequently, we made use of a special type of testing equipment, 
developed by Gofman (Ret. 1) and based on a new method of determining 
the modulus of elasticity and the ultimate strength of highly brittle 
materials. Analysis of measurements made by Gofman and his co-workers 
showed that variation of the sintering temperature within the 1150° to 
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1400°¢ range has Va eins no effect on the modulus of elasticity of 
Oxyfer 2000 (16-103-22-10 kg/mm) while the tensile strength increases 
from 4.5-6.2 kg/mm? to 7.3-8.7 kg/mm2 as the Sintering temperature is 
raised. 

Thus, it will be seen that the modulus of elasticity of this oxy- 
fer is of the same order of magnitude as that of cast steel, while the 
ultimate strength is equal to the strength of certain types of glass. 

2. The next step in the investigation of the mechanical proper- 
ties of the oxyfer was measurement of its micro-hardness. These 
measurements were carried out by V. B. Sakhov and A. P. Erastova. 

Microscopic examination of polished sections and hardness measure- 
ments showed that the section surfaces of specimens sintered at differ- 
ent temperatures differ in appearance and character. The polished sec- 
tion surface presents a pattern of irregular white and dark grey areas 
(Figs. 1 and 2); the micro-hardness of the dark areas is appreciably 
lower than that of the white ones. The ratio of the white and grey 
areas varies with changes in the sintering temperature: as may be seen 
from the figures, both the number and size of the grey areas decrease 
with increasing sintering temperature. 

At first we assumed that the grey areas might be abrasions due to 
grinding and polishing. However, this was disproved by surface quality 
determinations made with a surface analyzer (IZP Profilograph) with a 
vertical enlargement of 4000 X and a horizontal magnification of 100 X. 
The dimensions of the grey areas were appreciably larger than the sur- 
face scratches disclosed by the analyzer. To make doubly sure that the 
grey areas were not cavities clogged with abrasive we etched one of the 
specimens in boiling hydrochloric acid. Both the appearance of the 
grey areas and the proportion of the surface occupied by them remained 
unaltered after etching. The absence of abrasive traces On the sur- 
face was confirmed by X-ray photographs taken by the reversal method 
with a CROSS-1 camera. 
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Fig. 1. Microsection of Oxyfer Fig. 2. Microsection of Oxyfer 
2000 specimen sintered at 1150°C. 2000 specimen sintered at 1340°C. 


Magnified 300 x. Magnified 300 X. 
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There is good reason to assume that the dark areas consist of 
the same basic material but in a finely dispersed state. This assump- 
tion is supported by examination of the surface under a binocular 
microscope: it has the appearance of an alternation of rounded mounds 
and hollows, formed by the disintegration or crumbling out of fine- 
grain material of the same composition as the main mass. 

Micro-hardness measurements showed that the hardness of the white 
areas varies little with changes in the sintering temperature and that 
the hardness of the dark grey areas, i.e. the areas where the material 
is in a finely dispersed state, is lower than that of the white areas. 
It must also be noted that the micro-hardness at the original surface 
of the specimen is always somewhat lower than at internal sections. 


3. Appropriate X-ray studies were made in order to determine 
whether changes in the sintering temperature resulted in phase trans- 
formations in the oxyfer. The preparatory work and photographing were 
done by A. P. Erastova. The X-ray photographs were obtained with a 
VRS camera (D = 143.25 mm) with a divider, which permitted photograph- 
ing two specimens simultaneously. 

These studies showed that there is only one crystal phase present 
in Oxyfer 2000 and this phase has a spinel structure. Furthermore, 
X-ray photographs taken flush against specimens sintered at 1150° and 
1200°C, 1200° and 1250°9C, 1250° and 1300°C, 1300° and 1340°C and 13409 
and 1400°C proved that the lattice constant remains the same for all 
sintering temperatures from 1150° to 1400°C. 

However, with the same heat treatment but different initial compo- 
sitions (for example, Oxyfer 2000 differs from Oxyfer 1000 by 0.5% in 
Fe503 content, 1% in ZnO content and 1.5% in NiO content) the resultant 
solid solutions have a different lattice constant: the relative dis- 
placement of the diffraction rings is clearly discernible in the photo- 
graphs. 


4. The magnetic properties of the oxyfer were investigated on 
toroidal specimens, forming induction coil cores. 
The induction and losses were measured in the frequency range of 


0.3 to 10 ke by means of a Maxwell bridge. 


The influence of the sintering temperature on the permeability and 
on the character of the frequency dependence of the loss tangent is 


apparent from the curves of Figs. 3 and 4. The strong influence of the 


sintering temperature on the permeability and loss characteristics is 
surprising in view of tne absence of phase transitions. \It 2s. p02 
natural to seek a physical explanation of the phenomenon. 

For purposes of analysis let us consider a model in which the 
actual structure of the ferromagnetic domains of the polycrystalline 
specimen is replaced by a simple structure consisting of alternate 
plane-parallel layers at 180° to each other and let us relate all the 
energy processes, accompanying motion of the boundary layers in this 
"equivalent" ferromagnetic material to energy changes at the layer 
boundaries. 

Then to find an expression for the complex permeability of the sub- 
stance in an alternating field, we must first derive an equation for the 
motion of the boundary layer. To derive this equation, we must know the 
character of the forces acting on the boundary layer. 

Let us assume that the forces acting on the boundary layer when it 
is displaced from the position of equilibrium may be regarded as quasi- 
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elastic and that these forces are determined by the inhomogeneity of 
the internal stresses and by the presence of extraneous inclusions in 
the lattice. 

In addition to these quasi-elastic forces, the boundary in the 
process of displacement will be acted upon by "frictional forces". iit, 
we assume that conductivity of the ferromagnetic material is equal to 
zero, these "frictional forces" reduce to two forces (Ref. 2): _ 

FF, = an 
and ’ | 
F, = p/b(1—e*") 9, 


eet 
where v is the displacement velocity of the boundary layer, aaa 
(Ref. 3),€ is a coefficient, characterizing the magnetic spin inter- 
action, § is the thickness of the boundary layer, f is the frequency 
of the magnetizing field, b is a coefficient, characterizing the quasi-_ 
elastic force, retaining the extraneous atoms in the given lattic posi- — 
tion, and 8 is a coefficient whose magnitude depends on the distribu- | 
tion of the extraneous atoms and the structure of the ferromagnetic 
domains. | 
1,bs0e~* Knowing the forces acting on the shifting | 
2 boundary layer, we can write the appropriate 
equations for the motion and from a solution 
of these find the expression for the mean re- 
versible displacement of the boundary layer 
and from this, in turn, the expressions for 
the complex permeability and loss tangent. | 
In the case when the amplitude of the 
alternating field H » 0, the expression for 


2000 


1100 1200 1300 “¢ the loss tangent, derived as outlined above, 
will be 
Fig. 3. Dependence of Lf | 
on the sintering tempera- tape 28, tO + Eli e-bit), (1) 
ture of Oxyfer 2000 (U¢ 4 + (f/fr) ft ‘ 
is the value of the per- where h=sr h=*me T= te 


meability extrapolated | 
for H = O at a frequency &%, is a coefficient, characterizing the quasi- 
Of ty hey < elastic force due to the inhomogeneity of the 
internal stresses; %5o iS a coefficient, char- 

acterizing the quasi-elastic force due to the extraneous inclusions ; 
S, is the relative area of a unit surface of the boundary layer on 
which the acting quasi-elastic forces are due almost exclusively to 
the inhomogeneity of the internal stresses. 

Further, invoking certain theories regarding "inclusions" and 
"stresses", it can be shown that the values of 


A= 7 Sify B= + and °G== ‘tae (2) 
1 2 fe 


will be proportional, respectively, to 


a 4 4 
z and 


K hs) S 4, — iC oire 
ees V (K + 2<)-0 aes 


(3) 
where K is the magnetic anisotropy constant, A is the magnetostriction 
at saturation, 6 is the amplitude of the internal stresses, @ is the 


Curie point and J, is the saturation magnetization. 


Fig. 4. Dependence of 
tan J, on the frequency 
of the magnetizing field 
for Oxyfer 2000 speci- 
mens sintered at differ- 
ent temperatures; 

Ppt o0ey 2) 12000, 

3) 1250°, 4) 1340°C 

(tg §-¢ = values of the 
loss eencent extrapo- 
lated for H = O at the 
given frequency f). 
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Fig. 5. Variation of Le 
with the temperature 


for an Oxyfer 2000 speci- 


men sintered at 1150°C. 


increase in S]- 


in the internal stresseS aS ar 
pansion of the large-grain and finely dispersed crystal phases. 


absence of a Hopkinson maximum in 
5) may be explained by the increased influence of 


the Curie temperature is approached. 


ability curve (Fig. 
the internal stresses aS 


5. In view of what has been stated above, 
sical processes leading to changes 
fer 2000 when the sintering tempera 
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An examination of the curves of Fig. 4 
will show that they can all be described 
by equations of the form of (1), using ap- 
propriate values of the parameters A, B and 
C. In view of the relation between the re- 
spective terms of (2) and (3), it may be 
asserted that all changes in the magnitude 
and nature of the frequency dependence of 
the oxyfer with increases in the sintering 
temperature may be attributed to decreases 
in the values of K, Ao and Sj. 

If the above considerations are valid, 
then, taking into account the fact that K 
and A are strongly dependent upon the temperr- 
ature of the ferromagnetic material, we may 
expect to find an analogous variation of the 
frequency dependence of the loss tangent 
when the specimen is heated. The results of 
heating tests on a specimen sintered at 
1150°c are shown in Figs. 5 and 6. 

In the light of the above, it will be 
seen from the curves of Fig. 6 that up to 
34° the change in the frequency dependence 
of the loss tangent is due primarily to the 
decrease in K andA . 

The nature of the frequency dependence 
of the tand, observed at higher temperatures 
(45 - 55°) indicates that here, in addition 
to a continuing decrease of the anisotropy 
and magnetostriction constants, we also have 
a sharp drop in S;. This may be explained 
by an appreciable increase in the thickness 
of the boundary layer (i.e. surface layer) 
with increasing temperature. 

It may be assumed that with a certain 
correlation between the size of the extrane- 
ous inclusions and the distribution of the 
internal stresses, an increase in the thick- 
ness of the boundary layer to a depth com- 
parable to the wavelength of the stresses may 
lead to a great increase in the influence of 
the quasi-elastic forces due to the inhomo- 
geneity of the internal stresses, i.e. to an 


The effect may be further strengthened by an increase 


esult of different rates of thermal ,ex- 
The 


the temperature-dependence of perme- 


the nature of the phy- 
in the magnetic properties of Oxy- 
ture is raised or the specimen is 


heated may be described as follows: 


—— 


_2 SAY CS 2 wees ee 


"eee tee he one 


- 180 - 


Oxyfer 2000 sintered at 1150°C has a 
relatively large number of inclusions (re- 
gions) consisting of very fine crystals. 
The presence of these fine-grain inclusions 
makes for relatively large internal stresses. 
As the sintering temperature is increased 
the number of fine-crystal inclusions goes 
down while the size of the individual crys- 
.tals increases, the material becomes more 
homogeneous and, as a result, internal 
stresses are reduced. This in turn leads 


Fig. 6... Variation of to an increase in the initial permeability 
the loss tangent with and a corresponding change in the character 
the frequency of the of the frequency-dependence of the losses. 
magnetizing field for If a specimen sintered at 1150° (hence, 
an Oxyfer 2000 specimen having a large number of fine-grain inclu- 
sintered at 1150° at sions) is heated, at first the predominant 
different temperatures: part in the ensuing change of the frequency 
Bien. 2) ato; 3) 34°, dependence of the loss tangent is played by 
aaeaoe, 5) SS°C. the decrease in the anisotropy and magneto- 
striction constants: the falling section of 


the tan Sr vs frequency curve becomes shorter and, for the specimen 
investigated, virtually vanishes at about 35°C. With a further rise 

in temperature, the influence of the internal stresses increases, due 
to an increase in the thickness of the boundary layer and the amplitude 
of the internal stresses; this leads to the reappearance of the falling 
section of the tan d¢ (f) curve. 

In contrast, the number of fine-grain inclusions in specimens sin- 
tered at 1300-1400°C is small and consequently their influence is minor 
(Sys 0); as a result, the general character of the f requency-depend- 
ence of the loss tangent for such specimens is not affected by heating: 
the loss tangent vs frequency curves for different temperatures up to 
just below the Curie temperature have no falling section and differ 
from each other only as regards slope. 

The writer wishes to thank N. N. Shol'ts for his valuable advice 
in connection with the preparation of the present report. 
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CHANGES IN THE CONDUCTIVITY OF CERTAIN FERRITES UNDER THE INFLUENCE 
OF GAMMA RAYS - N. V. Vol'kenshtein and A. N. Orlov 


1. The present report is concerned with an investigation of the 
electric conductivity of certain ferrites which proved to be particu- 
larly sensitive to irradiation by gamma-rays. The results may be of 
some value in connection with studies of the behavior of semiconduc- 
tors under the influence of hard radiation in general and may further 
our, aS yet inadequate, understanding of the nature of conductivity 
in ferrites. 

It has been shown experimentally that the temperature dependence 
of the conductivity of ferrites ¢6(T) is characterized by the general 
law for semiconductors; 


iim eet (1) 


However, Knowledge of the activation energy Bk (k is the Boltzmann 
constant) is in itself insufficient to determine the energy spectrum 
of the electrons in the ferrite lattice which, in contrast to the lat- 
tices of many other, thoroughly studied oxide semiconductors, contains 
different types of transition-metal ions. It is not clear at present 
to what extent the zonal fenergy-level7 theory is applicable to these 
mixed-oxide semiconductors. 

Light may be shed on this problem by experiments in which it is 
possible to vary the number of electrons, participating in the electric 
current, as well as the number of lattice defects, forming local energy 
levels. Such variations occur when the specimen is irradiated by neu- 
trons, heavy or light charged particles or relatively high-energy J- 
quanta. Since the time rate of change of the number of excited elec- 
trons and that of the number of lattice defects are governed by dif- 
ferent laws, depending on the mechanism of recombination, the form of 
the function o(t) during and after irradiation will depend upon which 
of these factors (the number. of excited electrons or the number of lat- 
tice defects) is predominant where the conductivity is concerned. 


Aw 


ee 


2. In our investigation we used nickel-zinc ferrites of stoichio- 
metric composition. These ferrites were selected because we were able 
to obtain specimens with a very low electric conductivity and it is 
known that the influence of gamma-ray radiation is strongest for low- 
est conductivity materials. The ferrite specimens were prepared from 
pure oxides and were sintered in the form of cylinders 20 mm in length 
and 6 mm in diameter. 

The experimental procedure was the following. The specimens were 
placed in a double-walled chamber, connected by means of flexible, 
heat-insulated hose with an ultra-thermostat, designed to maintain the 
set temperature constant within 0.01°. After stabilization of the 
temperature, the specimen was exposed to radiation, the dosage being 
held constant at about 100 roentgen/min. The conductivity was measured 
at intervals of 10 minutes by the conventional voltmeter-ammeter method; 
during the measuring, the radiation was interrupted for about t*=30 sec. 
The temperature was gaged by means of a copper-constantan couple 
(thermal e.m.f. = 4 millivolts per 100°C) connected to a multiflex 
galvanometer. The hot junction was welded to a conducting clamp 
attached directly to the specimen; the cold junction was kept at the 


temperature of melting ice. 
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The results of measurements at 30° and 36°C are given in Fig. 1. | 
Here the time from the start of irradiation is laid off along the 
X-axis, while the y-axis is scaled in arbitrary conductivity units 


(the same for both curves). The decrease in conductivity after cessa- 
tion of irradiation is shown in Fig. 2. 
For For 
me curves curves 
oo - f a oe 
B 6s ae “ae 
> ‘ 
cS 7 56 th, a | 
wa od et 14 
©) ha i 
1% 57 fir ey q 
2 9° 2 0S % 6 2 Ww a pee 
t, min t, min. : = 
eal 
Fig. 1. Variation of the conduc- Fig. 2. Decrease in conductivity 
tivity of a nickel-zinc ferrite with time after cessation sot. 
with time of irradiation with radiation at 1) 30°C )=2)eaeeae } 


gamma-rays at 1) 30°C, 2) 36°. ; 
| 

As may be seen from the curves, the conductivity increases under 
the influence of continued radiation, leveling off at a maximum value: — 
Omax? after the radiation is cut off, the conductivity falls gradually © 


back to the initial pre-irradiation level. The value of 0,,, is lower 


for higher irradiation temperatures. The relative slopes of curves 


indicate that O rises (and falls off) more rapidly at higher tempera- — 
tures. f 


3. In order to explain these results let us investigate 6(t) in | 
the light of the zonal theory for the following model of a semiconduct-— 
or (Fig. 3). In the initial state, i.e. before irradiation, there are © 
N local levels Wo per 1 cm” in the forbidden band (zone) of width u; © 
at T = O these levels are occupied by N electrons (such levels may be ~ 
associated, for example, with vacant oxygen sites, occupied at T = O 
by two electrons each and losing one electron each in case of excita] 
tion). During irradiation there form (due to the knocking out of 07-7 
ions by secondary Compton electrons and photoelectrons) X additional ~ 
lattice defects: Wg local levels and as many Wy levels (associated | 
with the oxygen ion inter-sites) per l em ; in every case Wom€ < Whos 
where € is the Fermi surface. one, 

At T= 0, n, the number of electrons at the W) levels} andja. 
the number of electrons in the conductivity zone, will equal zero, i.e., 


n= n' =O (at T ="*0) (2) 


Due to thermal agitation there will appear at the W, level n = np 
electrons and n' = n', electrons in the conductivity zone and simul- 


taneously Pp = Py holes at the Wo levels and p' = Pip holes in the 
ground zone. 

During irradiation there may be a further increase in the numbers 
n and n' equal to@&I, where I is the intensity of the radiation and® 
is a proportionality factor. Let us denote the numbers of these addi- 
tional electrons through n, and n'y. Then 


{ 


i 


i 


n= Np + Ny, n= np + By, p = p'7 sa ae and p = py + Px (3) 


\ 
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Inasmuch as in the general case the number of levels, X, depends on 
the irradiation time, t, all the variables in (3) also depend on t.®) 

Simultaneously with irradiation, there will occur recombination 
of excited electrons and lattic defects. The mechanism of recombina- 
tion may be monomolecular or bimolecular. In the first case, 


dX = -bXdt (4) 


where b is a proportionality factor, dependent on T. Examples of the 
Operation of this mechanism of recombination are furnished by cases 
when the defects emerge to the surface of mosaic segments, grain 
boundaries or structural dislocations. 

In the second case, which occurs, for 
instance, in the recombination of imbedded 
ions and vacant sites, 


dX = - cx2dt (5) 


In considering the recombination of ex- 
cited electrons and holes, we must disting- 
uish between two cases: 

a) Instantaneous recombination, i.e. 
recombination time short compared to the 
Fig. 3. Diagram of model interval t* (interval of interruption of ir- 


used to explain the ex- radiation for measuring purposes). In this 
perimental results in case the additional number of electrons, n'_, 
the framework of the and holes, p',, will be present only during 
Zonal theory of semicon- the irradiation time, but not during the 
ductors. measuring interval. To investigate the vari- 


ation of 6(t), which in this case will ex- 
hibit jumps at the instant the radiation is turned on and off, but 
will otherwise be determined by the function X(t), there is no need 
to know the mechanism of electron recombination in detail. 

b) Excited electrons and holes recombine slowly. In this case 

to compute O(t) we must find n',(t) and p',(t), which can be done only 
by solving a system of kinetic equations inn, n', p and p', to write 
which we must know the nature of the mechanism of slow recombination. 
One step in this mechanism would presumably be a low-probability tran- 
Sition, insuring that the electron remains in the excited state for an 
appreciable time. One of the possible mechanisms, satisfying this 
condition, is suggested in Refs. 1 and 2 to explain the variation of 
photoconductivity with time in CdS crystals. Here, in the normal state 
of the crystal, the electrons occupy the "activator" levels. When an 
electron is knocked out of the ground state (in our case,of a normal 
O~~ ion, for example) into the conductivity zone, the p'-hole formed 
is instantly filled by an electron from the Wg level, where a p-hole 
is formed. The probability of the transition (capture) of an electron 
from the conductivity zone to the p-hole is low, consequently the 
electron may remain in the conductivity zone for a considerable time. 


a) In view of the great difference between the masses of electrons 
and ions, n', SX; but if the recombination time of lattice defects 
is 10°-10~* times greater than that of electrons, the effect of the 
former will still be noticeable. 
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Thus, the possible recombination cases are: 


Mechanism of ionic recombination is Electrons combine 
la) monomolecular instantaneously 
lb) s Slowly 
; 2a) bimolecular instantaneously 
2b) > Slowly 
4 The general expression for the electric conductivity of a crystal 


in the assumed model has the form (Rei 4.3) 
¢ = evn’ + vpp', (6) 


where e is the absolute value of the charge of an electron and hole, 
. Vy and ‘p are the respective mobilities. Using the notation of Fig. 3 
n 


4 Lor the ergy intervals, the number of electrons and the number of 
holes formed due to thermal agitation at a given temperature T, will 
z be 
4 , aw —x,/k , o 
4 . Np = Ape—alkT and: Bp = Apem*wh? , (7) 
Z To the first approximation, we may assume 

A,=Ap=A and rp, wrtp=v. (8) 


Then from (3) and (6), according to Ref. 3, we have 


1+ (v + C) etslAT \"/5 1 iu, /kT 3 hig eee n, + P. 
alt : aT ( a at ) Je “ear 4 $e, (9) 
14+ Ces / 1+ (v +t) ets! A 


evA 


where 
NiA= +, “XiAw €. (10) 


In cases la and 2a, when n’, and P'y are virtually independent 
of t, the time-dependence of the conductivity is determined wholly by 
X(t). Let us determine the form of the latter function for the two 


NTN Ne aN ae en 
‘ , \ XT 
q 


3 above-mentioned mechanisms of the recombination of defects, for the 

7 case when radiation of intensity I is turned on at the instant t = oO. 
4 In the case of monomolecular recombination, we have 

F dX = (al — bX)dt, (11) 

; where @ is a proportionality factor. Assuming that the mobility of 

4 both types of defects is the same, 


b= bye MDIRT (12) 


where up is the activation energy of the diffusion of the defects. A 
solution of equation (11) may be found in the form 


om a (I — et-*), (13) 


The maximum number of defects, 


J T 
Xmax => = 5 epet (14) 


and decreases with increasing temperature. 
In the case of a bimolecular mechanism, we have 


dX = (al — cX*) di, (15) 


Fe eT Ce ae eee A Pe 


whence 
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(Se te C eVacl t 4 4 (16) 


The maximum value of X equals 


Xmx=V 2 =V “ e(UE NRT), (17) 


Thus, with monomolecular recombination Anas is proportional to 


I, while with bimolecular recombination Anas VAE Er 


Substituting (13) or (16) in (9), we find o@(t). The dependence 
is more complicated than for X(t) and cannot be described by any of 
the simple equations ordinarily Characterizing the kinetics of mono- 
and bimolecular reactions. We note that at X = Xnax1We have what may 
be termed "Saturation" of the conductivity. 

In cases lb and 2b, when the electrons excited by irradiation 
recombine slowly, o(t) may be determined by solving a system of 
kinetic equations in n, n', p and p', which equations are more compli- 
cated than the formulae used in Ref. 1, since they contain the time- 
dependent variable X. Let us designate the concentration of electrons 


and holes at the W, and Wo levels through n° and p°, respectively; 
then 


n=n X, p=p?(N +X), (18) 

and 4 ° : ° 
PE ages | (19) 

is the concentration of electrons at the Wo levels. Using this nota-— 

tion, the kinetic equations will have the form 


OZ al (1 — p') + 8,Xn° + Ba(N +X) (1 — p?) — eX (1 — n°)’ — yo (N + X) pn’, 


(20) 
— Pr = gp p? — Ba (1 — p°) — 4 (L— DP! (21) 


with analogous equations for dn/dt and dp'/dt. The condition for 
neutrality of the crystal is that 


n+ Xn? == (N +X) p? + p'. (22) 


Solution of this system of kinetic equations in the general 
case is possible only by numerical methods; comparison of the results 
with experimental data is hindered by the fact that the transition 
probabilities YY, and ®; are unknown. However, we can draw certain 
deductions regarding the character of the o6(t) curve without solving 
the system of equations. Specifically, we can show that there is a 


saturation value of the conductivity, Snax» and can establish the 
temperature-dependence of oF - We note that at the instant of satu- 


ration there is established a stationary state, so that the derivatives 
in (20) and (21) go to zero. For purposes of illustration, let us 
consider only the simpler case when the presence of W, levels does 

not have an appreciable effect on the conductivity. n this case we 
need only consider the transitions between the W'o> Wo and W'o levels, 
indicated in Fig. 3 by heavy arrows. Introducing the notation 

N' = N + X, we obtain from (20) and (21), 


al —+2N'p°n' = 0, (23) 


ae hla 
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yap'n’ — 7, (4 — p) p’ = 0, (24) 
Condition (22) will now be written 
: n' = Nip* +p’; (25) 
hence, from (24) we have | 
{2 pon’ — 4, (1 — p°)(n! —N’p®) = 0. (26) 


fe order to solve the system of equations (23)-(26), we find from 
6): 


© stan n 1 ReE Th a 
pas (t+ +a) +—VE FOF Nar, (27) 
where, in accordance with our assumption, 


T= a/ tet. (28) 


Substitution of p® in (23) yields a cubic equation for n', 
attempts at a general solution of which lead to cumbersome expres- 
sions. Hence, let us investigate two cases when (27) can be simpli- 
fied; 


™ 1) n' SN' (almost all the Wo levels occupied by electrons; 
p°< 1). Expanding the root into a series in » and n'/N', we obtain 


pati +s)at(-#). 


The root corresponding to the condition n'/N'S l is p° = n'/N. 
Then from (23) we find 


n' = Nar = Val | 72: (29) 
n' max is independent of the number N' and is proportional toVI. The 


temperature dependence of n' te is determined by the transition proba- 
bility Y% which increases with the temperature. Thus n',,, goes down 
with rising temperature. 


2) n'sN' (almost all Wo levels unoccupied; p°<1). 
We introduce the small quantity 


Pa 
N’ 
Then the expression under the square root in (27) equals %+0(7?) and 
° 1 4 ae : 
| a ms —+t+Vi- 
To within the magnitude of the small quantities ” and E 


N'p? = +-(n' +N’). (30) 
Substitution of (30) in (23) gives 


1 ' 
2 yon’ N = 0, 


4 ' 
id 2 
al x ia 


whence " N’ pee Qa! 
yo oes (31) 
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AS the number of defects N' increases, the number of electrons 
n' in the conductivity zone goes down; when N"* > 8al |, . 'n' ~(N’)4; 


when 'N? <8aI/1:, n'~const—N'’. However, in the vicinity of N' = 0, solu- 
tion (31) is unacceptable since in this Case ny >V2al/%2, while ac- 


cording to thé’ assumed condition n'se N' should tend to zero. 

AS may be seen from (31), n' increases with I. The temperature 
dependence of n' is now determined both by the value of Yo and by the 
number of levels, N' = N + X. 

If N + X is constant, N'mnax Will be functionally dependent upon 
Y2 and as in the case of (29) will decrease with rising temperature. 
If the number n + X is increased by irradiation and the number of de- 
fects is great enough for solution (31) to be valid, the increase in 
N + X should lead to a reduction in the value n' max: 

Lastly, if N is affected by thermal agitation, the change must 


conform to the N=N,e~“"*T law, where ue is the activation energy. In 
the range of N-values in question, an increase in temperature must 
also lead to a decrease in n' max 


If saturation is reached in the region 
where n' decreases with N + X, the n'(t) 
curve will have a maximum at the point t 
(see Fig. 4), where n' reaches its maximum . 
for the given N'(t). With continued irradia- 
tion N' will increase and N'max Will decrease 
with time until at a certain time to the num- 


ber of defects reaches its equiblibrium 


4 rab value for the given intensity of radiation. 
An analogous anomaly should be observed 
Fig. 4. Change in the after the radiation is cut off, when n'(t) 
“number of electrons in may reach a value below the equilibrium one 
the conductivity zone for the given temperature (part of the elec- 
with irradiation time t. trons are retained at the "excess" local 


levels and become free after recombination) . 
This form (maximum, followed by a decrease and levelling off) of the 
n'(t) curve - and, hence, of the @(t) curve - may be indicative of the 
formation of lattice defects in appreciable numbers under the influ-- 
ence of irradiation. 

We note in conclusion that a noticeable change in the electric 
conductivity under the influence of irradiation was observed only for 
specimens having a low conductivity (of the order of 10-8 ohm-cm)*. 

In the light of the assumed model, such specimens are characterized 
by a small number of defects N. If this number is increased by X 
under the influence of radiation, the effect will be noticeable only, 
if the initial value of N is commensurable with Xx. 

Thus, the examined variants of the energy spectrum of a semicon- 
ductor help explain the gradual increase in the electric conductivity 
tO Onax When the specimen is exposed to radiation (and the return of 
Oto its initial value some time after the radiation is cut off). One 
cannot arrive at any definitive conclusions regarding the temperature 
dependence of Onax 22 cases la and 2a without knowing the values of 
* The activation energy Bk for these specimens, computed according to 

(1), on the basis of the o&(T) curves recorded without irradiation, 


is 0.30 .eV. 
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the energies Uj, Ug - - . entering into equations Cy. C12 yr anmtt7). 


In cases lb and 2b (slow recombination of electrons), if we accept the 

Simplifying assumptions made in deriving equations (23) and (26), the 

maXlmum value of the conductivity shouid decrease with increasing 

Pap hg aa These deductions are in agreement with our experimental 
ata. 

Which of the suggested cases - Lis 20g) Sho OF Ven corresponds 
most closely to the actual processes in the investigated ferrites and, 
in particular, how great the relative increase in the number of de- 
fects may be under the influence of radiation can be determined only 
on the basis of investigations of the properties of the ferrites, 
dependent primarily upon the presence of lattice defects (holes), 
rather than on the presence of free electrons (of such properties, 
for example, as the internal PYricLion) . 


F. P. ShKliar participated in the experimental part of the pres- 
ent investigation. 


onclusions 


1. Irradiation with gamma-rays produces a noticeable (several per 
cent) increase in the electric conductivity of certain ferrites. 


2. The maximum increase in conductivity is greater at lower tempera- 
tures. 


3. The electric conductivity relaxation time at room temperature is 
of the order of minutes. 


4. The experimental results may be explained within the framework 

of the zonal theory for conventional semiconductors; they are in 
agreement with the hypothesis that the increase in the number of 
electrons in the conductivity zone is due to ionization, i.e. to 
internal photoelectric ionization. The observed data do not ex- 
clude the possibility, however, that radiation may result in the 
formation of lattice defects with a relaxation time Ty appreciably 
exceeding the electron relaxation time Tx: 


Physics of Metals Institute of the Received 
Ural Branch of the Academy of Sciences 3 May 1954 
of the USSR 


Bibliographic References 
1. J.Fassbender, Ann. de Phys., 5, 33 (1949). 

2. E.I.Adirovich, Nekotorye voprosy teorii liuminestsentsii kristalov 
(Problems connected with the teory of the luminescence of crystals) .M.-L.1951. 
3. F.F.Vol'kenshtein, Elektroprovodnost! poluprovodnikov (The conduct- 

ivity of semiconductors). M.-L. 1947. 


Lt en a, 


=i 89° - 


A METHOD OF INVESTIGATING PHASE TRANSITIONS IN NON-METALLIC COM- 
POUNDS (FERRITES. AND IN METAL ALLOYS 
- M. V. Dekhtiar, L. M. Dekhtiar and T. A. Iurina 


Ferromagnetic materials obtained by sintering mixtures of cer- 
tain non-magnetic oxides (Fe903, NiO, ZnO and others) - i.e., fer- 
rites - are characterized by properties which set them apart from 
metallic ferromagnetics; ferrites are semiconductors and as such 
have a much higher specific resistance than metallic ferromagnetic 
materials. 

The electric and magnetic properties of ferrites and their solid 
solutions are strongly dependent on the sintering conditions. The 
conductivity of the product may vary by several orders of magnitude 
and the magnetic permeability by at least one order as a result of 
changes in the temperature of sintering, the rate of heating and cool- 
ing and the nature of the medium in which these processes take place 
(Ret. 1):. 

Much still remains to be learned about the exact conditions re- 
quired to obtain ferrites with a given set of electric and magnetic 
properties. 

For investigating the sintering process it is desirable to make 
use of a procedure capable of disclosing the formation of both mag- 
netic and non-magnetic ferrites as well as the presence of undis- 
solved residues, i.e., uncombined non-magnetic oxides (Ref .2on 

The need for a Similar procedure arises in studying the phase 
transitions of metal alloys, for example, various iron-base alloys. 
In the case of iron and other ferromagnetic alloys changes of phase 
are sometime evaluated on the basis of magnetic measurements. This 
method of investigation, however, often fails to give a complete pic- 
ture of the processes involved, since in addition to the main para- 
to ferromagnetic transformation, certain non-ferromagnetic components 
may separate out (usually at other temperatures) to form inclusions 
in the paramagnetic matrix. Such separating out is not recorded by 
the magnetic method and, hence, remains undetected. 

Even in simple Fe-C alloys and in Fe-C-base alloys it is impos- 
sible with the magnetic method to detect the formation of Fe3C crys-— 
tals in supercooled austenite in the temperature interval below the 
A, critical point and above the Curie point for the carbide crystals 
(220°C) or the rejection of this phase in hypereutectoid Fe-C alloys 
in the temperature interval between A3 (Acn) and A,. Nor can the mag- 
netic method disclose the transformations of non-magnetic carbides 
in composite Fe-C alloys at high temperatures and other transitions 
of the same type. 

In the present investigation of the sintering process and the 
formation of ferrites, we took advantage of the above-mentioned de- 
pendence of both the magnetic and the electric properties of ferrites 
on the conditions of processing (sintering) the oxides. 

Our procedure for investigating the phase transitions in metallic 
and non-metallic alloys in a wide range of temperatures is based on 
an electric circuit developed earlier by one of the present authors 
(Refs. 3 and 4). 

For purposes of observation, the specimen in the formof a hollow 
or solid sylinder (10 mm in diameter, 10 mm in length, with a wall 
thickness of 0.2-0.5 mm in the case of hollow specimens) is placed 
in an alternating field, produced by an electromagnet. The experi- 
mental procedure comprises measuring the change in the electric 


Due OS 
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resistance of the specimen in the direction perpendicular to the 
applied field and investigation of the magnetic state of the speci- 
men while it is heated or cooled. The change in resistance is re- 
corded by an inductive method. This not only eliminates the contact 
resistance factor but makes it feasible to carry out measurements at 
high temperatures and with the specimen in a vacuum or in any de- 
sired gaseous medium. Furthermore the inductive method excludes 

the possibility of errors due to diffusion of the contact electrode 
metal into the specimen at high temperatures. 

A description of the experimental 
set-up may be of interest (also see Refs. 
3 and 4). A long, narrow coil K Chg) .o 
is supported at its ends on the pole- 
pieces of' a U-shaped electromagnet Em 
which produces an alternating field 1 
of frequency w. Since the flux passing 
through the right end of the coil is oppo- 
site in direction to that through the-left-; 
end of the coil, two opposed emf's are 
induced in the coil; in the general case 


Fig. 1. Diagram of main these emf's will not be equal. However, 
unit of set-up: Em - by displacing the coil horizontally, one 
electromagnet, K - coil, can readily find the point at which the 
G - galvanometer, @, - two emf's cancel; at this point the gal- 
normal component of vanometer in the circuit will indicate 


alternating magnetic flux. zero. Let us designate the emf induced 
in the coil K by the alternating flux 
passing through its right edge by Ey; then 


| al Ae Sha jwLI, (1) 


where r is the resistance and L is the self-inductance of the coil. 
With the coil in the neutral position, an equal but opposed emf, Ej), 
will be induced by the flux passing through the left edge of the 
coil. 

Let us now put our hollow specimen (O in Fig. 1). inside’ the cozt 
at, say, its right end. The specimen will then act as a closed con- 
ducting loop (shorted turn) in which the flux will induce an emf , 
giving rise to a current I,- Let the coefficient of mutual induction 
between the coil K and the short-circuited loop-specimen be M. 

With the introduction of the specimen, E, of (1) will become 


ee = Ir + jwLI + jeMl, (2) 


Since E, will not be affected by the introduction of the specimen, 
the equality of the emf's will be disturbed, i.e. there will be a 
resultant enf, 


AE = E', - Ey = july # 0 (3) 


and a current will flow in the circuit, producing a corresponding 
deflection of the galvanometer. . 

The magnitude of I, will depend on the electric resistance of 
the specimen, while M will be determined by the magnetic permeability 
of the specimen. . 

Phase transitions and ordering processes in non-magnetic alloys 
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as well as the solution or rejection of a non-magnetic Fe3C phase 
in the non-magnetic austenite of Fe-C alloys do not affect M, but 
do produce changes in the resistance of the specimen, leading to a 
change in the value of E£ and, consequently, the current indicated 
by the galvanometer. 

For example, .in cases when in Fe-C alloys decomposition of the 
solid solution of non-ferromagnetic austenite is accompanied by the 
Separating out of crystals of Fe3C or other carbides (above the Curie 
point), the resistance decreases and, hence, the current I, increases. 
When a magnetic phase forms, in addition to the increase in I, there 
1S an increase of the mutual induction M. This is evinced by an 
appreciable increase in OE, indicating the appearance of certain 
amounts of a new phase. 

Heating of the specimens was accomplished by means of an electric 
"furnace", inserted through an appropriate aperture in the sheathing 
of coil K, located above one of the polepieces (Fig. 2). Heating of 
the coil K is obviated by a cooling jacket: a flow of water or com- 
pressed air through the jacket effectively insulates the windings of 
the measuring coil from the "furnace" and specimen. 

The sectional view of Fig. 2 
Shows the arrangement of the cooling 
jacket, electric "furnace", and the 
coil surrounding the jacket caSing. ‘ 
The jacket and coil rest on the pole- 
pieces of the electromagnet and the 
whole coil-jacket assembly can be 
displaced to the right or left by 
means of lead screws (not shown in the 
drawing). The cooling jacket must be 
made of suitable non-conducting 
material in order not to interfere 
with the magnetic field. Furthermore, 
Since one side of the four millimeter 
thick jacket wall is in contact with 
the hot "furnace" while the other side 
Fig. 2. Sectional view showing is cooled by flowing water at room 


cooling jacket, heating ele- temperature, the material for the 

ment and measuring coil: Em- jacket must be carefully selected to | 
electromagnet, O - specimen, withstand this extreme temperature 

K - coil, B - cooling jacket, gradient. 

T - thermocouple, Ef - electric The electric heating coil of the 
STurnace™ . "furnace" must not introduce magnetic 


shielding; to this end the resistance 
winding is bifilar and is made of a material not subject to phase or 
magnetic transformations in the range of test temperatures. 

The flux produced by the electromagnet must be stabilized. The | 
effect of minor voltage fluctuations of the power source is automatic- 
ally eliminated by the design of the unit, which insures that the flux 
through the two ends of the coil is equal in density and opposite in 
direction. 

Fig. 3 shows a curve, obtained by means of the above described 
set-up, giving the change in AE in connection with the high-temperature 
decomposition of the B-phase of a copper-aluminum alloy (12.5% Al), 
previously investigated by Kurdiumov and his co-workers Cher 5) 

When rapidly cooled, the hot disordered solid solution, which has a 
tace-centered cubic lattice, first undergoes a transition to the 


ne 
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ordered state, which transition is reflected in Fig. 3 by the increase 
in OE in the 510-330°C interval (section AB). Furtner cooling at the 
Same rate (about 100°C/min) leads to the formation of an acicular- 
structure martensite phase (section ee ae 


28 


SE, arbitrary units 
SE, arbitrary units 
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Fig. 3. Changes in the value Fig. 4. Change in OE betraying decom- 
of ME recorded during the position of austenite during continu- 
cooling of a 12.5% Al copper- ous cooling of tungsten steel (18% W). 
aluminum alloy at the rate of 

about 100°C/min (550 to 350°C). 


The change in SE of a thin-walled tungsten steel (18% W) speci- 
men due to decomposition of the solid austenite solution incident 
to continuous cooling is shown in Fig. 4. The horizontal time scale 
is logarithmic. The temperatures corresponding to the various change- 
of-slope points are indicated in the diagram in °C. The specimen was 
heated to 900° and held at this temperature for one hour before cool- 
ing; it will be noted that the SE curve shows clearly that the decom- 
position occurs in two stages. 

The first stage, which with the cooling rate used in the experi- 
ments occurs at 740-645°C, consists of the rejection of excess compo- 
nents in the form of carbides (FegWoC and others), with a resultant 
increase in conductivity and rise in AE. 

In the 645-385° temperature interval, the decomposition of austen- 
ite virtually stops. It is probable that crystalization centers ap- 
pear in this interval, since the acicular martensite phase forms 
rapidly in the next, 385-215°C,interval under the given experimental 
conditions. In this 385-215° interval ME rises rapidly both as a re- 
sult of the increase in conductivity due to the decomposition of aus- 
tenite and in connection with the increase in permeability and, con- 
sequently, in the mutual induction M, incident to the formation of a 
magnetic component in the specimen. 

Fig. 5 shows the QAE-temperature curve recorded in heating and 
then cooling a compressed mixture of Feo03 and NiO; the oxide mixture 
was heated only up to 900°C in order to obviate the formation of fer- 
rous Oxide and magnetite (Ref. 4). 

The mixture, consisting of 50 mols Fe 903 and 50 mols NiO, was 
heated and cooled at the rate of 5°C per min. The sharp rise in AE 
(section BC, Fig. 5) is evidence of an intense reaction in the formed 
ferrite in the 775-570° interval during cooling (in air). As in the 
case of the decomposition of the solid solution of the copper-aluminum 
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alloy (Fig. 3), this change is doubtless connected with an ordering 
process; in this case the oxygen and metallic ions taking up posi- 
tions in the ferrite lattice. The decrease in AE in cooling below 
570° (section CD) is connected - see equation (3) - with the decrease 
in the mutual inductance (magnetic permeability), incident to the re- 
jection of excess non-magnetic oxide in consequence of the reduction 
of the mutual solubility of the oxides with decreasing temperature. 
Similar tests were made on compressed 
mixtures of Fe903 and ZnO. However, no reac- 
tion was observed for this mixture in cooling 
at the rate of 5° per min after heating to 
900° (at the same rate). This may have been 
due to over-oxidation of the ferrite in cool- 
ing because of its porosity.* In order to 
eliminate porosity of the structure and pre- 
vent excessive oxidation of the ZnO-Fe903 
System, these oxides were compressed with an 
admixture of silicon dioxide and aluminum 
oxide. As a precaution, a compressed sample 
of SiO» and AlgO03 alone was heated to 900°C 
and then cooled at the rate common to all our 
tests (5°/min). No reaction was noted. | 
According to the data available in litera- 
ture, Si0o5 and, AloO3 do not react with ferric 
oxide in the range of temperatures employed in 
our tests (Ref. 6). It is reported that the 
formation of spinel in the ing Ae system 
begins above 900° (Ref. 7) to 975 Ref. 8), 
while in the ZnO-Si09 system the formation of 
! | spinel is observed only when the mixture is 
nie held at 900° or higher over a period of days 
Cooling (Ref. 9). 
Fig. 5. Change in AE In our tests the same specimen, formed 
in the process of heat- by compressing an 85 mols Fe 03 and 15 mols 
ing and cooling a com- ZnO with an admixture of silicon dioxide and 
pressed mixture consist- aluminum oxide, was heated, with intermediate 
ing of 50 mols NiO and cooling, successively to 200, 300, 450, 550, 
50 mols Fe903. Rate of 600, 700 and 850°C. In every case the rate 


ME in arbitrary units 


0 8 | 
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cooling - 5° per min. of heating and cooling was 5° per min. The 
recorded curves for AE are reproduced in Figs. 
6-8. 


.According to the evidence of the curves, no reaction occurs in 
heating to 200 and 300° (Fig. 6a). Above 3709, Feo0. and ZnO in a 
mixture with the fillers mentioned above begin to combine actively. 
However, the ferrite formed in this temperature interval is unstable 
and decomposes partially in cooling down to 100° (section CD. Fig. 6b). 
In subsequent heating to 560° new portions of the oxides enter into 
the reaction, as evinced by the increase in OE (section EK, Curver.; 
Fig. 7). At 470° the conductivity begins to drop (section KL), pre- 
sumably in connection with transition of the ferrite into the disordered 
state. A reversible ordering process occurs during the subsequent cool- 
the conductivity and hence 4E increase (section BC). Section CD 


* Snoek (Ref. 1) notes that the oxidation of certain ferrites can be 
prevented through elimination of porosity by the introduction of 
silicon dioxide. 
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of the curve indicates partial decomposition of the ferrite and rejec- 
tion of the excess non-magnetic oxides. 


ie For both 
0 : 
. MMW 2 0 tt a K 
= Heat+ Cool” ™ 
od na 12 
z 2 
dR 
bs 5 8 
a bs 
Sa | 4 
: 5 
q i 0 Pp Sto 
OQ t gop 4600 . 400 200 OO For curve 1 
: » as “Heat peels 
a — | 20 0 700 ~~ 40. 200 _—O 
a oq xf Heet eee oon 
qi For curve 2 


Fig. 6. Change in AE during heating Fig. 7. Same as in Fig. 6 bur 
and cooling of compressed mixtures for successive heating with 
of 85 mols Fe903 and 15 mols ZnO with intermediate cooling, to 580° 
an added amount of SiO» and AlgO03 at (Curve 1) and then to 700° 
the rate of 5° per min. Heating, (Curve 2). 

with intermediate cooling, to 200°, 

300° and then 400°C. 


In the next heating of the specimen to 600° the rise in SE is 
noticeably smaller, since the amount of uncombined oxides in the mix- 
ture has been reduced as the result of the previous heatings. The 
composition of the ferrite is obviously altered and consequently the 
transition to the disordered state begins .at a lower temperature: 
420°. Heating from 420 to 600° appreciably reduces the conductivity 
of the ferrite; however, in cooling the conductivity is restored as a 
result of ordering. 

The next heating - to 700° - does not introduce much change in the 
general form of the curve (Fig. 7, Curve 2). The ferrite formed during 
the preceding heat treatment begins to go over into the disordered 
state at under 350°. The reversible ordering process is again observed 
during the cooling from 700°. 

An entirely different picture appears, however, where the cooling 
following the next heating - to 850° - is concerned (Pigs.50:. ) fhe 
ferrite when cooled to room temperature (at the same rate as in the 
other tests) retains the high resistance developed in heating and in 
general undergoes little change in structure during the cooling. 

An analogous series of testS was run on specimens having the fol- 
lowing: composition: 70 mols Fe 903, 195 mols NiO and 15 mols ZnO. To 
minimize porosity a quantity of SiO9 and AloO3g was added to the mix- 
ture before compressing the specimens (Al903 and NiO react to form 
nickel aluminate only at 1000°C). The resuits of consecutive heatings, 
with intermediate cooling, of the same specimen to 200, 400, 600 and 
900°C at the rate of 5° per min are shown in Figs. 9 and 10. 

There is no evidence of reaction between these oxides when the 
compressed mixture is heated to 200° (upper curve, Fig. 9). When the 
specimen is reheated to 400°, reaction begins at about 350° (section 
AB, lower curve, Fig. 9). When the heating is stopped at 400° and 
the specimen is cooled at the same rate, the process of ferrite forma- 
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tion continues down to 372°C.* The reaction slows down rapidly in 

the 370-340° interval. Ordering begins at 340°, causing an additional 

increase in the electric conductivity and hence rise in AE. Below 2202, 
excess non-magnetic oxide sepa- 


- 
of ht ~ — on in the mutual inductance and, 
Pape accordingly, a decrease in OE. 
oe Hy In the next heating test - to 
= , 600° - the reactions taking place 
“ 2 400 60 BU SSS are reveraible (Curves Fig. 10s, 
. Heating : -Cooling—4%6 As the temperature is raised above 
| 400°, portions of the oxides that 
Fig. 8. Same aS in Fig. 6 but for did not participate in the forma- 
heating to and cooling from 850°c. tion of complex nickel-zinc fer- 
rite during preceding tests enter 
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Fig. 9. Change in AE incident Fig. 10. Same as in Fig. 9 but 
to successive heating and cooling in heating to 600° (Curve 1) and 
a cOmpressed mixture of Fe903, then-to 900°C (Curve 2). 


NiO and ZnO with an admixture of 
Si02 and Alj03. a) to 200°, 
b) to 400°. 


into the reaction. Transition to the disordered state occurs in the 
460-600° interval; incident to this, the conductivity of the specimen 
and consequently AE, (section KL of the curve) fall off markedly. In 
cooling from 600° the processes are reversed: the section of the 

curve in the 600-450° interval corresponds to the disordered-to-ordered 
State transition in the ferrite, while the section in the 420-200 inter. 
val reflects the separating cut of the excess non-magnetic oxide. 


— a ee we we we ae ee a 


* AS was pointed out in Ref. De a NiO-Fe903 product with a spinel type 
lattice may form as a result of heating at 300-400° for half an hour; 
for instance, in the case of electrolytic nickel coatings on iron. 


rates out, resulting in a decrease’ 


aan we 


se ORs gts. sO poten 


Ad 
os 


‘ : PY SO ole AA es OP Cay 
AAS ae <= ie. oe hd 
2 7 gtr 44 vee 
as bad Ds dea 
’ : f 
=* =" 
: . 
a ‘ - 4 
2 4 
i“ y s a 
Fi 
i 
FE ¥ 
- j 
7 ; 
e € ve 
F » : 
4 
' 
bd e aw 
a 


Pa ee Seer. Tee ee 


wn te 
‘ 


ee Em Ke en 


7 


- 196 - 


Lastly, in heating to 900° (Curve 2, Fig. 10), the processes of 
the preceding heating appear to repeat (resultant curve virtually 
duplicates the to-600° curve). However, the cooling in this case is 
completely different: as compared with cooling from lower temperatures, 
far less change in the structure of the mixed ferrite is observed. 

The ferrite becomes more "stable" and retains the low conductivity 
characterizing the heated mixture; in this case, apparently, no order- 
ing process occurs in cooling. 


Conclusions 


For the purpose of investigating phase transitions in non-metal- 
lic compounds (ferrites) and metal alloys, we developed an experimental 
set-up by means of which it is feasible to keep track of structural 
changes in the specimen over a wide range of temperatures. Decomposi- 
tion of the solid solution, the formation of a new phase and ordering 
processes are detected by the set-up if there is an accompanying change 
in the electric resistance or the magnetic permeability of the speci- 
men. Changes in the resistance as well as in the permeability are 
gaged by the induction method by means of an electric circuit developed 
earlier (Refs. 3 and 4). 

Deflections of the set-up galvanometer clearly indicate the vari- 
ous stages in the decomposition of austenite when the specimen is 
steadily cooled or held at a constant temperature as well as the occur- 
rence of order-disorder transitions, such as the Ordering process in 
a supercooled high-temperature S-phase of copper-aluminum alloy and the 
Subsequent transformation of this phase into the acicular martensite 
phase. 

We investigated the sintering of powdered oxides (Fe903, ZnO, and 
NiO with admixtures) and the reaction of ferrite formation. The meas- 
urements, which were made on compressed-powder specimens not subjected 
to heat treatment prior to testing, established that the actual forma- 
tion of ferrites and their solid solutions is preceded by atomic dif- 
fusion starting at about 300° above room temperature. 

In repeated heating to successively higher temperatures, with 
intermediate cooling, the course of the reactions occurring during 
the cooling changes markedly as the peak temperature is increased. 

On the basis of our results one can conclude that the ferrites 
forming at low sintering temperatures (under our test conditions) under- 
go intensive ordering in the process of cooling (evinced by a marked 
increase in conductivity with cooling). The ferrites obtained from the 
same oxides by sintering at higher temperatures are more stable and 
undergo only minor structural changes in cooling; no evidence of an 
ordering process is observed during the cooling from high temperatures 
and the electric resistance of the ferrites remains high. 
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ON THE FEASIBILITY OF INVESTIGATING MICROFIELDS IN MAGNETIC MATERIALS 
BY MEANS OF THE ELECTRON MICROSCOPE - L. P. Soboleva 


Experimental measurement of weak electric and magnetic fields of 
limited extent is difficult. Every test instrument indicates the 
value of the disturbed (by the test instrument) field averaged over 
some more or less appreciable volume (region). When the dimensions 
of the measuring instrument are commensurate with those of the investi- 
gated field, it is obviously impossible to ascertain the field distri- 
bution and consequently determine the sources producing the fieid: 

At the same time in investigating the electric and magnetic pro- 
perties of materials having dissipation fields (ferromagnetic and fer- 
roelectric materials) it is often desirable to measure these fields, 
which are limited in extent and of low intensity. 

A sensitive method of measurement, which does not introduce dis- 
tortion or yield an averaged result, is based on the deflection of an 
electron beam passing through the investigated field. Inasmuch as the 
deflections in a weak field of limited length are necessarily small, 
it is desirable to have a means for "magnifying" them. 

Such a measuring method may be realized by means of an appropri- 
ately modified electron microscope. 

A parallel, monochromatic paraxial beam, passing through the mag- 
netic lens of the microscope, is focused at a point on the axis of the 
system. In the case of a non-parallel beam (within the limits of park 
axiality) one can readily determine the locus of the points of inter- 
section of the rays with the axis of the system, from the laws of geo- 
metric optics. 

In the particular case when the factor or agent, causing deflec- 
tion of the rays from the direction parallel to the system axis, does 
not operate in the region of the focusing field, the distribution of 
the said points of intersection will depend only on the angles between 
the main optical axis and the individual trajectories. It follows 
that an electron microscope can be used for investigating weak and 
minute electric and magnetic fields. ’ 

The specimen, a section of which carries the field to be investi- 
gated (for instance, the dissipation field of a magnetic material with 
high remanence or the dissipation field of a magnetic domain) is placed 
on the stage of the electron microscope, in the plane conjugate with 
the plane of the fluorescent screen. Each ray of the parallel, mono- 
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chromatic (i.e. having the same speed) electron beam passes through 
a microfield of a certain intensity and is deflected accordingly. 

The "indicator" component of the set-up is a fine-mesh, uniform 
grid, located between the focal point and the fluorescent screen. In 
the case of an undistorted (not deflected) beam, the grid is illumin-— 
ated from the focus as from a point source. In this case we obtain 
an undistorted shadow image of the grid on the viewing screen of the 
microscope. 

When the beam is deflected by the investigated field, the grid 
will be illuminated from a continuous series of point sources, each 
radiating in.a certain direction. In this case we obtain a distorted 
Shadow image of the grid on the microscope screen. From the nature 
of the image distortion one can judge qf the spatial distribution of. 
the investigated field. 

Ref. 1 reports on the application of the outlined method to the’ = 
investigation of the magnetic fields of sound-recording wire. The 
studied wire was 0.12 mm in diameter and was magnetized in alternate 
(opposed) regions 0.178 mm in length. 

The same authors suggest in Ref. 2 that the method may be used "i 
for investigating the dissipation fields of ferromagnetic domains. 
Photographs showing distortion of the grid image in the neighborhood ~ 
of a magnetized wire and at the edge of single cobalt crystal are re- 
produced in the reference. oe 

We applied the described method to investigation of the micro- 
fields of polycrystalline cobalt, transformer steel and small-domain 
ferromagnetic powders. Moreover, in order to check and evaluate the 
experimental procedure we applied it to the investigation of a known 
field, the structure of which is similar to that of a dissipation field 
with a 180° neighbor (consequent pole) orientation of the spontaneously 
magnetized regions. 

The specimens were mounted in the stage-space of the electron 
microscope, at a distance of 406 mm from the principal plane of the 
lens. During the tests, both the condenser lens, insuring a parallel 
electron beam, and the objective lens, forming the image, were switched 


on. The grid (mesh spacing s = 33 or 17 1) was mounted between the 


objective lens and the fluorescent screen. 

In order to determine the highest sensitivity and best resolving 
power the specimen-to-grid distance was varied between 9 and 20 mm. 

Tests were made both with and without the internal polepieces of 
the objective lens in place. The specimen was located in the dissipa- 
tion field of the objective lens. 

The sensitivity of the method was evaluated by the possibility of 
observing and measuring the distortion of the grid shadow image. In 
the diagram of Fig. 1, a is the distance from the edge of “the distorted 
image to the optical axis, yg is the corresponding distance from the 
edge of an undistorted image; hence, the image displacement, determin- = 
ing the distortion, will be a - vg, where v is the magnification of 
the undistorted grid and g is the distance of the given grid filament 
from the optical axis. 

The ratio k = (a-vg)/@', where @' is the angle of deflection of 
the ray, can be taken as a measure of the sensitivity. ; 

On the other hand, to bring out the structure of the field there 
must be at least a certain number, n, of grid meshes per single homo- 
geneous region. In other words, a necessary condition for obtaining 
the true pattern of the field structure 1s 
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where 3 is the size of the individual region, s is the spacing of 
the grid filaments, uw is the magnification of the specimen and y is 
the magnification of the grid; whence 


Vn ake (1) 


It follows from the diagram of Fig. 1 that there is a Simple 
relationship between k and V/u when » 21, namely: 


Bogs Tae ne (2) 


Where B is the distance between the principal plane of the lens and 
the plane of the screen and ¢ is the specimen-to-grid distance (in the 
electron microscope at our disposal B = 576 mm and @ = 5-20 mm). 

Hence, the sensitivity - 
proportional to (a -vg)/@¢' - 
and the value of ¥/u, which 
determines the resolving power, 
are interdependent and cannot 
be established separately. 

The purpose of the present 
study was to evaluate the applic. 
ability if the described method 
to the investigation of the 
microfields of ferromagnetic 
materials. 


Fig. Optical diagram of set-up. F - If we assume the linear 
focus, b - position of undistorted dimensions of individual homo- 
ray in plane, conjugate with plane geneous magnetic regions to be 
of screen, S - fluorescent screen, approximately 10u, then for a 
S' - conjugate plane, ~' - angle of grid having a spacing s = 10n, 
deflection of ray in investigated we obtain from (1): 

field, @-distance of specimen from 

grid, B - distance between principal iG L 

plane of lens and viewing screen, Nh eet Oe 

g - distance from optical axis to 

grid filament, a - distance of edge That is, to bring out the 
of distorted shadow image of grid individual homogeneous magneti- 
from optical axis, Y- magnification Zation regions it is sufficient 
of grid, Vg - distance of undistorted that the number of meshes per 
Shadow image of grid from optical region be n 22; then V/u 0.5. 
axis. Substituting the latter 


value in (2) we find 


k = 2 =~VE —280 mn. 
?’ 


It remains to determine the strength and extent of the fields 
that can be detected under these conditions. Assuming that the angle 
of deflection $@' of an electron, having an initial velocity v, per- 
pendicular to the field, is proportional to the effective field Beff 
and the effective path length f ort through the field and that the 
velocity perpendicular to the field remains unchanged, the expression 
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’ ] - 
?' - = Bore lore eae ye 
Then trem (2) and (3) we obtain 


Vy (a - V8) min n 
Boer lark min — Se 
max ¢ 


a —— =< —- —o~=- = -_— 


The minimum electron velocity with which one can still obtain a 
useful image corresponds to an accelerating potential of about 10 kV; 
L2G, 


Vy = 5.95 - 10° m/sec 


~ = 0.57 - 10711 kg coulomb-!, 


In the present case, taking a - vg = 0.5, we get 


= SFO <or10-*.0.87.10742 


B l = = 0.6°107© weber m71 
eff‘eff 28-1072 


Bort lore = 0.006 gauss‘meter 


2.06. With lore = 104 the set-up will detect fields of Bury = 600 gauss 
or with lore = 100, fields of Borr¢ = 60 gauss. 

For greater sensitivity in detecting minimal displacements of the 
shadow image, (a - VE) min? the entire distorted image of the grid can 
be enlarged further, either photographically or by optical projection. 
The limiting enlargement in this case is the magnification at which 
irrecularities and aberrational distortions of the grid are no larger 
than the minimal deflection of the shadow image. 

Thus, in our case, assuming a 10 X magnification by a projection 
lens, (A -— Ve) nin = 0: 05 mm and the effective sensitivity limit is 


So peepee = 0.6:10-3 gauss meter, i.e. Berf = 60 gauss for Core 
10H or Bore = 6 gauss for oer =- 100. 


It will be seen, therefore, that when a fine-mesh grid is used 
the sensitivity of the method is adequate for the detection and obser- 
vation of microscopic inhomogeneities of a magnetic material. 

In order to explore the potentialities of the method and evaluate 
its sensitivity in practice we carried out a series of experiments with 
artificially produced fields. A stack of magnetized laminations of a 
hard magnetic material was assembled so that the poles of neighboring 
laminations would alternate; the direction of magnetization was paral- 
— lel to the Z-axis, while the direction of the electron beam was in 
line with the Y-axis. 
¥ The effect of such a dissipation field on an electron ray may be 
characterized as follows. The alternate plates represent opposite 
p poles; the resultant field pattern is as shown in Fig. 2. An electron 

“Tobe irected downward, normal to the plane of the drawing at a point 
een a south pole on the left and a north pole on the right will be 
ee d ~upon by an attracting force, while a downward beam between a 
j 01 Puepole on the right and a south pole on the left will experience 


Fig. 2. Schematic representa- 
tion of the forces of attrac- 
tion and repulsion acting on 
an electron in the vicinity 
of a stack of magnetized 
laminations and the expected 
grid-image distortion pattern. 


where C is a coefficient, const 
ent on the parameters of the mi 
location of the grid. 

By making certain simplify 
relationship between the field 
flection produced by the field. 

We assume that the field o 
characterized by the components 
the distortion of the field at 
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repulsion. Accordingly, the grid image 
at the edge of the specimen will be 
TOULted- an and contracted im the in- 
tervals between a south pole on the 


left ana. a nerth pole on the right, 
and "pushed out" and expanded in the 
intervals between a north pole on the 


left and a south pole on the right. 

The expected distortion pattern is pic- 
LUYed inthe Lower part of Figs 2. The 
actual distortion pattern at the edge 
of a stack of magnetized laminations as 
recorded in the electron microscope is 
very close to the expected one (see 
Fig. 3 below). 

The relation between the distortion 
of the grid, a -Vg, and the entry angle 
?' of the electron into the field of the 
lens, for a paraxial beam, can be dée=- 
rived from the laws of geometric optics: 


a -Vg = g'°-C, (4) 


ant for the given experiment and depend- 
croscope, the magnification and the 


ing assumptions, we can establish a 
traversed by the electron and the de- 


f the stack is plane-parallel and is 
Hx, and H,. The error resulting from 
the edges can be minimized through 


proper selection of the assumed effective length of the field. 


Inasmuch as the initial ve 
greater than the velocities vy 


locity of the electron vy is much 
and vz acquired in the field, we can 


neglect changes in the coordinates of the electron during the time of 


passage through the field. Act 
into account in processing the 
values of the field at symmetri 


ually the resultant error can be taken 
experimental data by comparing the 
cal points of two regions, in one of 


which the electron is displaced to the side of stronger fields and in 
the other, to the side of weaker fields. 


On the basis of the above 
entering the field with a veloc 
ponents Hy, and H,, which are as 
the electron's trajectory, and 


assumptions, we can say that an electron 
ity v, is acted upon by the field com- 
sumed to be constant over the length of 
acquires corresponding angles of deflec- 


tion @', and ¢', (the angles between the projections of the electron's 


trajectory on the xy and ZY pla 
tions defining these angles are 


, e B l 
Oh) Ge age SF are 
m Vy 


nes and the optical axis); the equa- 


' e i 
and ie ee Bx o = (5) 


Since the horizontal filaments of the grid are aligned with the 


X-axis and the vertical filamen 
given by the horizontal displac 
ments, (2 = 8) 5» while 9', is 
of the horizontal filaments (a 

Invoking (4) and (5), we o 


ts with the Z-axis, the angle 9', is 


ement of the image of the vertical fila- | 


given by the vertical shift of the image 
-Veg)z- 


btain 
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Wate 4p). ot. .t v 
: (a vg) Cr e@ 4An-1077 A/M and Tae z= (@ 3 ve). a ~~ a A/M. (6) 
Or under our experimental conditions 
Hx= 108 (a —vg), A/M and = //,= 103(a — vg), A/M. (7) 


(2-V9), = 9Nz 


Fig. 4. Dissipation field of a stack Fig. 5S. Dissipation field of a 
of magnetized laminations, plotted on stack of magnetized laminations 
the basis of grid image distortion in based on analytic computation. 
Fig. 3. Solid dines - variation of Solid’ lines = variation of 

(a -Vg), = qH, with x; dash lines - with x/D; dash lines - varia- 
variation of (a -Vg), = qHz with x; tion of Hz with x/D.1) z=0.008D_ 
1) z=0.33pD, 2) z=0.4D, 3) z=0.5D, 2) z=0.16D, 3) z=0.22D, 

4) z=0.56D, 5) z=0.6D, 6) z=0.7D, 4) z=0.29D, 5) z=0.4D, 6) 2= 

7) z=0.8D, 8) z=0.88D, 9) z=0.94D. =0.5D, 7) z=0.7D, 8) z=0.9D. 


q = 10°-% A m-emm; D —- size (linear 
dimension) of individual magnetic 
region. 


The field in the vicinity of the magnetized stack, for the region 
Over the midpoint of the stack, plotted on the basis of the distortion 
of the grid image in the photograph of Fig. 3, is shown in Fig. 4. 

The field in the neighborhood of such a stack, but plotted on the basis 
of values computed using equations derived by Polivanov, is given in 
Fig. 5. 

From a comparison of the curves in the two figures it may be con- 
cluded that, in spite of the simplifying assumptions made above, the 
character of the field can be determined with reasonable accuracy by 
the outlined method. 

Having the dissipation field, it is possible to determine the 
magnetization of the specimen. 

The equation for the theoretical calculation of the field H' con- | 
tains the intensity of magnetization, I, as a factor in the numerator; 
the value of I may be found by comparing the field H, obtained by the 
grid image distortion method, with the field H'. 

Calculations based on experimental data for a series of points 
yielded values of |I|==5 gauss, the computations for the different 
points being in close agreement. 

In computing I on the basis of available data on the material of 
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tions were magnetized to Saturation), we obtained a value of about 
8 gauss. : 


e, 
ALLL LT, 


Fig. 3. Electron microscope photographs of the distortion of 
the grid image in the vicinity of a stack of magnetized laminations; 
a) Magnification 100 X, b) 200 x. 


Fig. 6. Distortion of grid image at edge of specimen of a) pure 
cobalt, mag. 55 X, and b) transformer steel, mag. 70%. 


Fig. 7. Image of grid at edge of a piece of aluminum foil, 
mag. 70 X. 


Pig=- 8. Distortion of grid image in the vicinity of particles of 
manganese bismuthite: electron-optical magnification -- 200 xX, anode 
voltage -- 16 kv, grid-to-specimen distance -- @ = 7 mm. 


Fig. 9. Distortion of zrid image in the vicinity of an iron car- 
-bonyl powder; electron-optical magnification -- 100 X; anode potential 
== 10 KV; grid-to-specimen distance -- (= 11 mm; photographic en- 
largement -- 4 x. 

Fig. 10. Grid image in the vicinity of an aluminate powder: 
electron-optical magnification -- 170 X, photographic enlargement -- 
ee 


In view of the fact that the magnetization of neighboring lamina- 
tions is reduced sonewhat because of the effect of the dissipation 
field of the objective lens of the microscope, it may be asserted that 
the method permits of a fairly accurate quantitative evaluation of 
the intensity of magnetization of the specimen. 

The field distribution pattern of the experimental stack proved 
Similar to that of a section of magnetic material with a 1800 neighbor 
(consequent pole) arrangement of spontaneously magnetized domains. 

It may be concluded, therefore, that the outlined method is Suitable 
for the investigation of domain structure. 
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The applicability of the nethod to the Study of dissipution 

fields due to magnetic inhomogeneity of the material was verified 

by examinine polycrystalline Speciueus of pure copait and transformer 
Steel. The specimens were prepared in the form of. thin Piates, Of a 
Size to cover haif the specimen aperture of tne electrou microscope. 
In order to minimize tne averaging effect of tne fields on the beam, 
the thickness of the plates was made equal to the presuned domain 
dimensions (10 uw). After mechanicai preparation, tie Specimens were 
annealed. Photoyraphs of the brid lmage at the edge of the cobait 


and transformer steel plates are reproduced in Fig. 6. For purposes 
of comparison, the grid image at the edge of ua piece of aluminum foii 
1S shown in Fig. 7. {Translator's note: The tiyure references in 


the originui text are Sadiy scrambled; we ave, accordingly, going by 
the numbers in the Captions under the photographic plates./ 


It 1S assSuned that the distortion of the Brid 1n the photographs 
is due primarily to lL) magnetization of the muterial in the field of 
the microscope lens, which leads to an overall Skewinge of the grid 
image and 2) irregularity of the edge or tne presence of magnetic in- 
homogeneity, giving rise to N and § pole dissipation fields which pro- 
duce minor distortions of the grid image at the edge of the specimen. 

A careful study of the grid image patterns leads us to believe 
that the observed distortions are not connected with unevenness of 
the edge and that, consequently, the distortion must be attributed to 
magnetic inhomogeneity. In the case of transtormer steel such inhomo- 
geneity may be explained by the presence of impurities; in the case of 
pure cobult, however, the magnetic inhomogeneity can only be struc- 
tural. These concluSions, however, are only tentative and require 
further verification. 

The magnetic inhomogeneities in tne investigated poiycrystalline 
specimens may be connected with the chaotic Orientation of the individ- 
ual crystals in the vicinity of the edge. Dissipation fields due to 
Such inhomogeneity are much weaker than the dissipation fields of 
spontaneously magnetized domains. This should explain the weak and 
irregular character of the observed distortion. It should be on 
interest to investigate a Specimen consisting of a single crystal of 
magnetic material in which the orientation of the domainS can be accu- 
rately determined. A study of Single crystals by this method is 
Planned for the future. 

The magnetic properties of ferromagnetic powders are usually in- 
vestigated by means of the ballistic method, using specially prepared 
specimens, consisting of a mixture of the investigated powder and a 
viscous non-magneiic medium. Obviously, the test results in such 
cases are averaged values, characterizing the magnetic properties of 
the entire mixture and dependent upon the concentration and distribu- 
tion of the powder in the binding or suspending medium. In many | 
cases, however, it is desirable to know the magnetic characteristics 
of the individual particles and to analyze the dependence of the mag- 
netic properties on the size, shape and grouping of the powder 
particles. 

As a step in this direction we tried applying the electron micro- 
scope method to the determination of dissipation fields produced by 
individual particles and groups of particles.— 

By way of specimens for our preliminary investigation we chose 
high remanence powders of manganese bismuthite and soft iron carbonyl. 
To determine the form and size of the particles, the powders were first 
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examined microscopically with backlighting. The manganese bismuthite 
powder consisted of an unfractionated mixture of MnBi and particles 
Of Bi and Mn. 

The particles ranged from 1 to 20 & in cross section and were 
extremely varied in Shape. 

The iron carbonyl particles were Bpnerical, O42 to 1.2 fein dase 
meter. 

When the powder is evenly distributed in a suitable lacquer, the 
individual particles can be distinguished; usually, however, the pow- 
der tends to clump. Sometime the particles link up to form chains. 

The results of our,investigations showed that the electron micro- 
Scope method is applicable to the study of the dissipation fields sur- 
rounding individual particles and groups of particles of ferromagnetic | 
powders. 

Figs. 5 and 9 show the distortion of the grid image in the neigh- 
borhood of the two ferromagnetic powders investigated. For purposes 
of comparison a photograph of the undistorted grid image in the vicin- 
ity of a non-magnetic aluminate powder is reproduced iff Fig. 10% 

Individual particles and clumps of the powder as well as two 
grids may be seen in Fig. 8.: The large undistorted grid five. the 
black cross quartering the photograph/ supports the lacquer film in 
which the powder was suspended. The finer network is formed by the i 
17 4 mesh indicator grid and its distortion indicates the character i 
of the dissipation field. . 

From a comparison of the photographs of the iron Carbonyl and 
manganese bismuthite powders, making due allowance for the difference 
in magnification in the two cases, it may be concluded that the man- . 
ganese bismuthite dissipation fields are somewhat stronger than those \ 
particular to iron carbonyl. | 

Different iron carbonyl powder clumps produce dissipation fields 
of different intensity. Obviousiy the configuration of the clump is 
an important factor in this respect. It is difficult to determine the 
field pattern of individual iron carbonyl particles, since the sensi- 
tivity of the method falls off at higher magnifications. 

The degree of uniformity of an undistorted grid image in the ab- 
sence of a dissipation field may be evaluated from the photographs of 
the aluminate powder. It is possible that some ot the distortion of 
the grid image around the investigated powder particles and clumps is 
due not only to magnetic but also to electrostatic dissipation fields. 

Our experimental investigations of the dissipation fields of a | 
Stack of magnetized laminations and specimens of cobalt and transformer | 
Steel indicate that the described electron-microscope method is suit- 
able for the study of dimensionally minute fields, the determination: 

Of which by other methods is difficult or impossible. 


Moscow Energetics Institute Received | 
Imeni V. M. Molotov 19 August 1954 jf 
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ON DETERMINING THE PHASE COMPOSITION OF FERRITES 
: - B. E. Levin 


Serious difficulties are often encountered in determining the 
phase composition of ferrites in complex systems. Thus, when the 
System contains a number of ferrites wita nearly identical lattice 
parameters, X-ray analysis is of little help in determining the phase 
composition. Nor can the problem be satisfactorily solved with the 
aid of chemical analysis. Hence, particularly in view of the ever 
increasing industrial use of complex ferrites, a reliable method for 
determining the phase composition of multiple component systems is 
urgently needed. , h 

A method based on utilizing certain thermochemical characteristics 
of ferrites (Ref. 1) may prove useful in a number of instances. In 
Simple cases (for example, for magnesium ferrite) the phase composi- 
tion may be computed according to the law of additivity. 

Thus, for a ferrite composed of 0.3 mols MgO and 0.7 mols Feo0O ’ 
the phase composition of the equilibrium state is given by 0.3 MgO -Fe903+ 
+ 0.4 FeoO - It must be noted that this distribution of components ) 
obtains only when the magnesium ferrite formation reaction goes to 
completion. Whether this is the case is determined by the thermochemi- | 
cal characteristics of the process, of which more will be said below. 

Analogously, in the case of a 0.6 mols MgO and 0.4 mols Fe903 
ferrite, tne phase composition may be characterized by 0.4 MgO -Fe9503 + 
+ 0.2 Feg903. 

This simple approach cannot be used in the case of systems com- 
Prising two (or more) ferrites. 

Let uS investigate the system: n Fe903, ngCdO and n,MgO, where 
ny) + 2+ n= 1. We note that two cases are possible: a} nyMgO + 
+ n2CdO <n Fe 903 and b) njMgO + ngCdO >n Fe 903. 


In the first case the formula characterizing the phase composi- 
tion wiil be nj MgO -Feo03 + ngCdO-Fe903 + [n = (1) c= n2)) -Fe903. 

Apparently, for a system of the above constituents in the equilib- 
rium state, the last equation will be closely representative of the 
actual conditions obtaining. 

Determination of the phase composition in the second case, when 
free metallic oxides are present in the system after the reaction, is 
more difficult. In this case the system will consist of MgO -Feo03, 
CdO-Fe 903, MgO and CdO. Calculation of the amount of the free oxides 
of the bivalent metals presents a separate problem and can be accomp- 
lished by taking into account the thermochemical characteristics of 
the ferrites in question. Thus, for the particular system under dis- 
cussion, the amount of MgO and CdO can be determined by solving the 
following system of equations. 

Let us denote the concentration of MgO through x, that of CdO 
through y, that of MgO-Fe903 through zZ and that of CdO-Fe 903 through 
v, we then have x + Z = nj, y + v = ng and z+ Vv =n. 

Further, knowing the free energy of the given ferrite-formation 
reactions we can obtain a fourth equation: 


tee" 1 = XY 


Ko yz 


where k, and Ko are the respective equilibrium constants of the reac- 


tions MgO + Feo03 =? MgO-Fe50, and CdO + Fe 0. = CdO0-Fe,0 


Phas tad 
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Approximate calculations of the heat of formation of a number 
of ferrites, carried Out according to the method of Kubaschewski 
(Ref. 2), yielded the following values: 


FeO -Feo02: OHogg* = -~7Kcal/mol ; MnO -Fe»0,: QHogg* = -7.7Kcal/mol ; 
CoO*Fe903: AHogge = -7 -1Kcal/mol; CdO-Fe 903: AHogg® = -12.5Kceal/mol ; 
NiO*Fe903: BHo098° = -14Kceal/mol ; MgO -Feo0.: QOHo 92° = -2.5Kcal/mol. 


When the heat of formation of the constituent ferrites is approxi- 
mately the same, the amounts of the free oxides of the bivalent metals 
may be assumed.to be proportional to the initial concentrations of the 
oxides. Where reliable thermochemical data are available, a general 
solution of the problem of determining the phase composition of fer- 
rites can readily be deduced even for far more complex systems. In 
Such cases the problem is reduced essentially to a solution of the 
System of equations determining the concentrations of the individual 
components. 

In systens where the mutual solubility of the formed ferrites 
must be considered, the analysis becomes more complicated in view of 
the necessity of taking into account data derived from the structural 
and equilibrium diagrams for the systen. 


Conclusions 


l. The suggested method of calculating the phase composition of 
ferrite system is based on utilization of their thermochemical charac- 
teristics. 

2. The cited computation data on the values of the heat of forma- 
tion of certain ferrites show that the heats in question lie between 
7 and 14 Keal/mol. 

3. Complete solution of the general problem of determining the 
phase composition of ferrites is possible where reliable thermochemical 
data and dependable structural diagrams for the systems investigated 
are. availabie. ~ 
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Fig. 5. Analysis of the Fig. 6. Same as Fig. 5 Fig. 7. Analysis of iso- 
isobaric spins of the but for NI4, baric spins of the excited 
excited states of B1Y states of N14 according to 
according to the (p,p') the (d,n) and (d,&) re- 
and (d,d') reactions. actions, 


The isobaric spin of excited states of nuclei can be determined not only with 
reference to inelastic scattering but also through analysis of nuclear reactions. 

Thus, (d,n) and (d,X) reactions leading to excited states of N14 are schema- 
tized in Fig. 7. The 2.31 Mev state of n14 is produced by the cl3 (d,n) reaction 
but not through the 0!6( a,c) reaction29-58, this is explained by the fact that the 
2.31 Mev state has T = l. 

At the end of Section 4, we used the last example, together with the fact that 
this state is not observed in the nN14(a,d') reaction, to show that the isobaric 
spin of an %-particle is 0. This being the case, analogous examples can be found 
to help determine the isobaric spin of other individual states. 

Excited states of nuclei with A odd. Mirror nuclei furnish good examples of 
nuclei for which the isobaric spin of excited states can be found through analysis 
of nuclear reactions. In most cases the spin can be determined through analysis 
of the (d,p) and (d,n) reactions, which with a target of the same material (usually 
with T = 0) lead to similar states of mirror nuclei with T = 4. A typical example 
is furnished by the mirror pair Bll-c!! (see Fig. 8). For all the excited states 

of Bl! ana cl! investigated so far T = 3. 

It should be borne in mind, however, that the (d,p) and (d,n) reactions in- 
duced in nuclei with T = 0 yield only states with T = 4. In order to find states 
with T = 3/2, one must investigate reactions of the C13(p,n)N13* type ( T = $ for 
the ground state of c!3) 

Detection of the first state having T = 3/2 of 7M?2+! and ge Meat mirror 
nuclei would furnish a clue to the ground state mass of z—-1 M2 2+ and 74 oMe2+1 


nuclides, such as jH® and 4Be°, oHe’ and 5B’, 3Li% and gC9, 4Be!! and 7NI1, -pl3 
and gols, gct5 and gF15, quit and joNet?, etc. Of the isotopes listed only LiY, 


ci5 and nl7 have been observed to date.°2 Experimental determination of their 

masses indicate that the first excited levels with T = 3/2 of the mirror pairs 

Be?-B9, ol5_n 5 and ol7_pi7 have energy values of 15.0, 10.9 and 11.3 Mev, re- 
spectively (Fig. 9). 

States with a high value of T. Experimental investigations of nuclear re- 


actions are always carried out under conditions where isobaric spin of bombarding 
and emitted particles is either 0 (X%-particles, deuterons) or 4 (protons, 
neutrons, H or He ). In such reactions the isobaric spin cannot change by more 


than one unit. 
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ISOBARIC SPINS AND SIMILAR STATES OF ATOMIC NUCLEI 
- B. S. Dzhelepov 


1. Introduction 


Within the last 2-3 years the concept of isobaric spin* has become firmly 
established in nuclear physics. A number of formerly puzzling facts have been 
elegantly explained with the aid of this concept; these include the non-occur— 
rence of certain nuclear reactions, the unexpectedly low intensity of some shea 
transitions, and the singular dependence of the photoexcitation and photodisin— 
tegration cross sections of some nuclei on the energy of y-rays. It may be 
assumed that the number of branches of nuclear physics in which consideration 
of the isobaric spin concept will prove fruitful is destined to increase. 
Hence it is important that a wide circle of experimental physicists become 
familiar with the physical bases and the present applications of this concept. 
This report is aimed at such readers; in it the mathematical formalism of the 
theory has been reduced to a minimum. Readers desiring to acquaint themselves 
with the purely mathematical aspects of the question ghouls consult the refer- 
ences and particularly the survey articles by Shapiro and Zel'tser‘. 


2. Comparison of the Forces of Interaction between Nucleons: n-n, 
n-p and p-p Forces 


In 1932 the hypothesis was advanced that all atomic nuclei consist of protons 
and neutrons; soon thereafter the proton-neutron nuclear model became the univer- 
sally accepted one. The appreciable binding energy, common to atomic nuclei, is 
due to the great forces of attraction between neutrons and protons. Thus there 
may be three types of nucleonic forces: n-n, N-p and p-p. There naturally arises 
the question: which of these forces is greatest for equal distances and identical 
relative orientations of the spins of these particles. A quantitative answer is 
suggested by an examination of the table of isotopes. Over most of the Mendeleev 
periodic system the number of protons and neutrons in the nuclei is about the 
same; only towards the end of the system of chemical elements does the number of 
neutrons become about 60% higher than the number of protons. 

If the p-p forces were considerably greater than the others, one might ex- 
pect the nuclei having more protons than neutrons to be more closely packed and 
hence more stable. In reality this is not. the case. Analogously, if the n-n 
forces were appreciably stronger, one might expect stable nuclei to have more 
neutrons than protons; this supposition, too, is not upheld by experimental data. 

Lastly, if the n-p forces were far more powerful than the others, isobars 
with equal or nearly equal numbers of protons and neutrons would be more tightly 
packed and have a much higher binding energy than other isobars in which the 
number of neutrons differs from the number of protons. Here again supporting 
evidence is lacking, as may be seen from Table 1 where, by way of illustration, 
the binding energies of six isobars with a mass number of 200 are compared. 

It may be concluded, therefore, that under the conditions obtaining in 
nuclei no one of these interactions — n-N, Pp-Ppy and n—p — is vastly stronger 
than the others. Hence it must be assumed that these forces are of the same 
magnitude — or, perhaps, exactly equal to each other; we are not speaking here 

*Up to 1952, the term “isotropic spin", introduced by Wigner! back in 1937, 
was commonly employed in scientific literature. However, since the values of 
this quantity prove to be the same for similar states of isobaric nuclei, in 1952 
it was renamed "isobaric spin"; Wigner is in agreement with this change in 
nomenclature.= 
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Table 1 
Binding energy of isobars with A = 200 of electric and magnetic interactions, 
(according to Kravtsov®) which, naturally, are different for 
- - Total nuclear the various pairs. 

Isobar | Mass § binding energy, Mev Thus, we have arrived at the hy- 
Dhiese <a shiis. Lo pothesis of the homology of the nuclear 
Au 200.0335 | 1579.7 forces acting in the n-n, p—p and n-p 
ng? | 200.0309 | 1581.4 pairs or, in currently accepted termi- 

200 | nology, to the hypothesis of charge 
of | | 200.0328 ! 1578.8 independence of nuclear forces. This 
Pp29 | 200.0340 | 1576.9 Ey POEDESLS HSA, in part, suggested by 

oe | | Heisenberg’ back in 1932, soon after 
Bi / 200.0404 1553.5 discovery of the neutron. The basic 
P9209 | 200.0438 ) 1566.2 ideas were subsequently formulated more 


clearly in 1935-1937 by Young8, Wigner! »9 
and othersl0, Since then, investigators have brought to light many facts and argu- 
ments indicating that the nuclear forces acting in the n-n, p—p and n-p pairs are 
almost equal and, under some conditions, might be completely equal. We shall ex- 
amine below four groups of such facts. 


Nuclear forces evinced in n—p & p-p scattering 


Of the three listed forms of interaction, two —- n-p and p—p —- can be studied 
experimentally, i.e. on the basis of data for neutron-proton and proton-proton 
scattering. This way of comparing the forces would seem to be the most direct. 
However, it must be noted that it comprises an intrinsic limitation: in consequence 
of the identity of particles in scattering of protons from protons with even 
values of £, states with parallel spins are impossible, for they are forbidden 
by the Pauli principle. Hence investigation of p—p scattering can yield infor- 
mation only on the interaction of protons with antiparallel spins. This limitation 
does not exist for n-p scattering. Hence in comparing n-p with p—p scattering 
data, we must separate out from the n-p scattering data that part which relates 
to the scattering of particles with opposite spins, i.e., to "singlet scattering"; 
the other part, the part relating to scattering of particles with parallel spins, 
has no analogue with p-p scattering. 

The scattering data should be compared for equal values of the energy of the 
scattered particles. In selecting the energy interval for purposes of comparison 
one must bear in mind the following: The energy must be sufficiently high so that 
the Coulomb forces, acting in p—p scattering, would not be predominant; otherwise 
the protons will not come close enough to each other to permit effective inter- 
action of the nuclear forces. 

On the other hand, since we are interested in the n-p and p-p forces acting 
between particles inside the nucleus, it is expedient to make the comparison at 
energies not exceeding the kinetic energy of intra-nuclear particles. The 2 to 20 
Mev interval appears to be the most suitable. 

Up to 1949 n=p and p-p scattering data were commonly processed in the following 
manner. An assumption was made regarding the character of the dependence of the 
potential energy of the colliding particles on the distance separating them, i.e., 
an assumption was made concerning the "form of the potential well". Two parameters 
were introduced into the relationship defining the dependence and the magnitudes 
of these were adjusted or selected to make the computed scattering curves coincide 
as closely as possible with the experimental ones. 

The numerous contributions on the subject investigated a) a rectangular 
potential well of width R and depth Up, b) an exponential well of the type U(r) = 
= wel, c) a Gaussian well of the type M(r) =ece~4T", d) the Yukawa potential: 


U(r) = se “AY and other forms. 
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It became apparent that through suitable choice of parameters the experi- 
mental data could be explained using any one of the potential well forms. Hence 
for the purpose of comparing the n-p and p-p forces it does not matter which 
form is selected; one need only compare the corresponding pairs of parameters. 

By way of illustration one might cite the data given by Fermi!l, If the inter- 
action be characterized by a rectangular potential well having a radius equal to 
the classical electron radius (2.810713 cm), the depth of the well for n=p singlet 
scattering equals 11.5 Mev, while for P-p singlet scattering the depth is 10.5 Mev. 
The minor difference between the depths of the wells disappears if we introduce 

the necessary corrections for the Coulomb and magnetic forces, acting inside the 
potential well. 

A shortcoming of the described method of analyzing n-p and p—p scattering 
stems from the arbitrary choice of the form of the potential well: as was noted 
above, by operating with two parameters one can readily obtain agreement with ex-— 
perimental data using divers forms of the potential well. In reality experimental 
investigation of the scattering of neutrons or protons with an energy inferior to 
10 Mev cannot yield information on the dependence of nuclear forces on the distance. 
Hence the introduced parameters ( R and Uo or K and ) are of a purely arbitrary 
character. 

The work of Landau and eaorediaeit ’ Schwinger! *, Bethe’, Blatt and 
Jackson!6§, and others!?-19 led to the development of a different system of two para- 
meters to characterize the scattering: 1) The length of scattering a and 2) the 
effective range of nuclear forces ro. By taking in turn all the above enumerated 
forms of potential and the appropriate values of the constants giving closest 
agreement with experimental results, and computing the corresponding values of a 
and ro, one can readily show that these parameters have almost the same values for 
all forms of the potential. In other words, the parameters a and ro are less 
sensitive to the form of the potential well and hence are less "arbitrary" than 
R and Uy,Xandf, etc. As such they are more suitable for comparison of the n-p 
and p-p forces. Average values of a and rg for singlet n—-p and p-p scattering, 
based on data in the literature of the past few years, are listed in Table 2, 


Table 2 


Length of scattering a and effective range ro of nuclear forces in 


8 
scattering of nucleons with opposite spins (in 10-13 units) 
Parameter | n—p | p-p 


a 23.69 = 0.06* | 17.3°° =" 160% 
To | 2.34 = dD, 17** ' 2.66 : 0,07 *** 
8 
ee to | 
*Average values for two forms of potential (Ref. 20) os ; 
**Average values at different neutron energies (Ey = 4.75 Mev“+, E, = 14 Mev22 
and En < 5 Mev23) for three forms of potential. 
***Average values from the results of processing data on p-p scattering at 
under 3.6 Mev for four different forms of potential, according to Ref. 24. 


i+ 


It will be noted that the difference between the values for n-p and p-p inter- 
actions is not great, although it does exceed the limits of experimental error. At 
first glance this difference might be taken as proof that the hypothesis of the 
equivalence of n-p and p-p forces is invalidated. However, Schwinger?5 has pointed 
out that taking the magnetic interaction in n-p and p-p scattering into account 
reduces this difference. Hence the question of whether an actual difference exists 


still remains open. ~ 
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The values compared above are, of course, for the scattering of neutrons 
with antiparallel spins. In view of the great difference between n-p and p-p 
acattering in the case of parellel spins, we must conclude that the results of 


our analysis of scattering allow only of qualitative deductions regarding the 
charge independence of nuclear forces, 


Binding energy of mirror nuclei 


In mirror nuclei of the first order there is always one extra proton or 
neutron in addition to the equal number of protons and neutrons. All the mirror 
nuclei of the first order known at present are listed in the first part of Table 3, 

Without going into the question of what part of the binding energy is due to 
interaction between nucleons See by ee and short distances, we can state 
that in mirror nuclei of the 7M +1 ana z+) M2 +1 types there is an equal number of 
n—p pairs but a different number of interacting n-n and p-p pairs: in the first 
nucleus there are Z more n-n pairs, while in the second nucleus there are Z more 
p-p pairs. Hence, we could hope, by comparing the binding energy of mirror nuclei, 
to detect some effect due to this inequality of numbers if the n—-n and p-p inter- 
actions should actually be unequal. 

The atomic masses and total nuclear binding energies of the known mirror 
nuclei are given in Table 3. 

However, the total binding energy of the nucleus reflects not only the nuclear 
forces holding the nucleons together but also the Coulomb forces, causing mutual 
repulsion of the protons. Hence, to evaluate the role of the nuclear forces in the 
total binding energy of the nucleus, one must add the Coulomb interaction energy 
to the total binding energy derived from experiment. This can only be done approx- 
imately, since the charge distribution in the nucleus is not known. 

Assuming that the protons are distributed uniformly over the volume of a 
nucleus, having a radius rpg = 1.45°107 3a cm, we can compute the value of the 
Coulomb energy by means of the following equation: 


a oy 40 
E = 0.643-1073 at : ae 


= 0.598 wa | A) Mev 1 
— amu F (1) 


The computed values are entered in Column 4 of Table 3. It should be noted 
that like values of the Coulomb energy can be obtained starting with other as-— 
sumptions regarding the charge distribution in the nucleus (for example, it may 
be assumed that the density of the charges decreases exponentially, that the 
density is constant up to a certain r and then falls following an exponential or 
Gaussian law41&42, etc.). The expressions based on any of these assumptions can 
be reduced to equation (1) through a suitable choice of parameters; that equation 
(1) correctly characterizes the Coulomb energy follows directly from the experi- 
mental data reported by Dzhelepov?9, 

Lastly, the values of the nuclear binding energy are listed in Column 5 of 
Table 3. An examination of the pairs of values shows that the binding energies 
for mirror nuclei are extremely close throughout the table. In no case does the 
difference exceed 1%, while in most cases it amounts to some tenths of a percent, 

Almost the same agreement in binding ener values is found for mirror nuclei 
of the second order? (nuclei of the type 2-)M°4 and 7+)M22) which are listed in | 
the lower part of Table 3. These nuclei, too, have an equal number of interacting 
n=p pairs but different numbers of n-n and p-p nucleons. 

The closeness of the binding energy values for mirror nuclei confirms the 
hypothesis that the n—n and p-p interaction forces are equal or nearly equal. 
However, one must proceed with circumspection in attempting to draw quantitative 
conclusions: the number of interacting pairs has only an indirect relation to the 
total binding energy, for nuclear forces fall off rapidly with the distance and 
do not bind neighboring nucleons and nucleons located at opposite sides of the 
nucleus to the same extent. Hence we cannot make quantitative coducvions re- 
garding the relative strength of the n-n and p-p forces on the basis of data for 
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40 


Binding energy of mirror nuclei 


Atomic mass 


MIRROR NUCLEI OF THE 
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Mev 


H? = 3,017002 [26,27] 8, 486 
He® = 3,016983 7,723 
Li? = 7,018225 Peat 
Bat = 7.019153 37,606 
Be 17 012796 76, 209 
C2 = 11,0149314 73,441 
O18 — 13,007488 97,103 
N28) == 13, 009877 94,097 
N¥ = 15, 004877 115,49 
O88 = 15007782 112,00 
lee 17, 004536 131,76 
Fl? — 17,007508 [28,29] 128,21 
F® — 19,004454 147,78 
Nel? — 19,007953 [30] 143,74 
Ne! = 21,000525 167,39 
Na®! = 21,004305 163, 06 
Na®3 = 22,997094 {86,54 
Mg?* = 23,00149 [31] 181,67 
Al2? = 26,990088 224,97 
Si?? = 26,99504 219,57 
Si2® = 28, 985682 245,02 
BP = 2599102"  [32)} 239, 27 
P32 = 30,983588 262,92 
St = 30, 98887 257,22 
S% = 32,981921 280,43 
C13 = 32,98753 274.42 
A387? == 3697844 315,57 
K3? = 36,98445 309, 19 
K39 = 38,97600 333,79 
Ca®® = 38,98260 326,87 
Cat! = 40,97516 350,53 
Sel = 40, 98156 343,79 
MIRROR NUCLEI OF THE SLCOND 
Li® = 8,025026 [33] 41,28 
Be® = 8,027 [34] 37,90 
Be! = 10,016717 [33] 64,97 
C10 = 10,02034 [33] 60,04 
Be’? = 12,018172 [33] 79,07 
N12 = 12,02280 [33] 473,70 
CM = 14,007698 - [33] 05,27 
OM = 14,01305 [33,35] 198,73 
O = 18,004888 [33] 139,79 
Ne!® = 18,0112 [36] 132,30 
F20 = 2(),006365 [28] 454,37 
Na2 = 20,0152 = [34] 144,58 
Natt = 23,998608 [33] 193,50 
Al™* = 24,0075 — [37] 183,65 
Al?8 = 27,990786 [33] 232,68 
ps = 27,9994 [38,39] 223,10 
p? —31,984056 [33] 270,85 
Cl? = 31,9955 [38,39] 258,64 
K4 —39,97672 [33] 341,49 
Sct9 = 39,98604 [39] 3341, 25 


Total Coulomb 
binding enerry, 
enerry, A 

Mev 


FIRST ORDER 


Q 
0,829 
1,876 
3, fol 
5,378 
8,066 
7,634 
10,683 
40,19 
13,58 
13,03 
16,75 
16,14 
ZO Li 
1001 
23,84 
23,13 
27,79 
31,10 
36,28 
39,43 
40,88 
39,98 
45,69 
44,74 
50,70 
94,92 
61,38 
60,31 
67,04 
65,914 
72,84 


ORDER 


1,79 
5,98 
3,33 
8.33 
5,23 
10,97 
7,44 
13,90 
12,78 
20, 53 
15,86 
24, 24 
22,81 


9) Or 
32,00 


30,72 


41,35 
39, 59 
31,20 
59, 80 
73,44 


"Nuclear" 
binding 
enerry, 

Mev 


8, 486 
8,002 
a Pe 
41,307 
81,587 
81,507 
404,734 
104,770 
125,68 
125.55 
144,79 
144,96 
163; 92 
163,91 
186,90 
186,93 
209,67 
209, 42 
256,07 
255,85 
280,45 
280,15 
302,90 
302,94 
SV Lye bl 
329,12 
370,49 
370,57 
394, 10 
393, 88 
416,44 
416,63 


43,07 

43, 88 
68, 30 
68,37 
84, 80 
84,67 
112,74 
112,63 
152,57 
452,88 
170, 23 
168,82 
216, 31 
216,00 
263,40 
264,45 
310,40 
309,87 
401,29 
404,69 


taken from 
erence 


re 


he stable nuclides a 


1) Atomic masses of t 
Ref. 33. 2) The masses of radioactive nuclides, where no re 


Notes; 


Fa) 
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are taken from Tables 1 and 2 of Ref. 40. Cases where new experimental data 
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mirror nuclei until we have a much clearer picture of the actual structure of 
nuclei. 


Binding energy of similar states: He-Li°*, Be!°-p!™ ana c!4_n!**-0!4 


A comparison of the "nuclear" binding energies of nuclei in similar states 
is of particular interest since they have different numbers of interacting n-n, 
p-p and n-p pairs. The values of the binding energy of nuclei in similar states 
are listed in Table 4. 


Table 4 


"Nuclear" binding energy of nuclei in similar states 


Total |Coulombd | "Nuclear" 
Atomic mass* binding | enerry, binding 


enerry, te enerry, 
Mev ~ Mev 


He® = 6,02082 29,29 


3,572 MeV Li®** = 6,020864 28,43 

= 10,016717 ey 

MeV Bio k® = 10,017986 63,01 

10 = 10,02034 60,04 
14 (14 — 14,007698 105, 27 7,44 1271 
2531 MeV NM ** = 14,010012 102, 34 10,42 PATO} 
OM = 14,01300 98,73 13, 90 112,63 


*see note to Table 3 rerarding sources of atomic mass data. 
**Uereinafter we shall indicate excited states of nuclei in this manner, 
puttine the excitetion enerry before the designation of the nucleuse 


The fact that Li®, BI and N!4 have excited states with the same quantum 
characteristics as the ground states of HeS, Bel9 and Cl4 and that the cor- 
responding "nuclear" binding energies are nearly the same may be taken as an 
argument in favor of the approximate equality of n-n, n—p and p-p forces. Again, 
however, our deductions can only be qualitative, for the reasons already outlined 
at the end of the preceding subsection. 


Neutron—neutron forces 


Certain information regarding the n-n interaction forces can be gained from 
an analysis of thef-spectrum in the cupture of slow 7 —mesons by deuterium: 

r- +den+n +f 

If as the result of the capture there were produced a bound system - a 
"dineutron" —- the J-rays would be monochromatic. On the other hand, if the 
neutrons scattered as non-interacting particles, the 7 ~spectrum would be con- 
tinuous. Interaction between the neutrons gives the intermediate case: the spectrum 
should consist of a continuum and a line, be asada intensity is dependent 
on the character of the n-n forces. Analysis of the experimental 7 -spectrum 
obtained by Panofsky, Aamodt and Hadley46 leads to the conclusion that the n-n and 
p-p forces differ little as regards magnitude. . M 

Summarizing the discussion of the present section, we may say that there exis 
a number of qualitative arguments in favor of the full or near equality of n-n, n-p 
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and p-p forces but that as yet we do not have sufficient reliable data to evaluate 
the difference or the upper bound of the difference between these forces. This 
approximate equality of the nucleonic forces is the physical basis for the iso- 
baric spin concept which we shall examine below. 


3. The Isobaric Spin Concept 


Let us assume that the n—-n, n-p and p—p forces are exactly equal and that the 
mass of a neutron is exactly the same as that of a proton. Then our system of 
protons and neutrons becomes similar to a system of particles identical in every 
way, except that some of them bear one type of marking while the rest bear a dif- 
ferent marking. In fact, for the sake of simplicity let us refer to them as black 
and white particles. In classical physics the properties of such a system will, 
of course, be entirely independent of how many of the particles are black and how 
many are white, but will depend solely on the total number of particles present. 

This is not the case in quantum mechanics. In view of the Pauli exclusion 
principle we must now differentiate between black and white particles, even if all 

their other attributes are exactly the same. The Pauli principle must be applied 
to the particles of each color separately. If both the black and white particles 
have a spin quantum number of 4, they must obey the Fermi-Dirac statistical law. 
Hence we cannot locate more than two white particles at the same energy level, but 
we can have two white and two black particles occupying the same level. 

It can readily be seen that the number of states forbidden by the Pauli 
principle will depend on the ratio between the number of black and white particles: 
in a system consisting of a given number of particles, there will be the greatest 
number of forbidden states when all particles are of the same color and the least 


number of forbidden states when we have an equal number of white and black particles. 


By way of example let us investigate a hypothetical system consisting of four 
particles which have only two levels available to them. The possible distributions 
are shown in Fig. 1. If all four particles are of the same color, the only dis- 
tribution consistent with the Pauli principle is two particles in the lower level 
and two particles in the upper level. It will be noted that this is the only state 
shown in the 4n and 4p columns of our chart. The total spin of the system is 0 
(the spin is indicated in the first colum of Fig. 1). 

If we have three particles of one color and one of another (see the 3n+p and 
n+3p columns) the number of allowed states will be considerably greater. 

In Fig. 1 we have shown all possible (allowed) distributions; actually some 
of them represent equivalent-energy states, but this need not concern us at the 
moment. First we must note the presence of states in which there are three 
particles in the lower level; we may reasonably expect that these states will be 
deeper-lying than the states of the 4n and 4p systems, consequently we have 
located them lower in the chart. These two new states will be of two types: with 
a spin number 0 or 1. We have provisionally located the state with the smaller 
spin number (more "balanced" state) lower. In the 3n+p and n+3p systems there can, 

of course, also be states in which two particles are in the upper level! and two 
are in the lower level. We note certain differences between these states: in some 
the two different particles are in the upper level, while in others they are in 
the lower level. However, all these states have one trait in common: in each case 
the total spin at each level equals zero. These states cannot differ much as re- 
gards energy; they might be said to form a fine energy-state structure. Since we 
have no way of telling which is the higher-energy state, we have placed them on 
the same level in the chart. . 

Further, in the 3n+p and n+3p systems there can also be states having two 
particles at each level, but with uncompensated spins at one of the levels. These 
states with spin 1 have no counterparts in the systems of four identical particles. 
Presumably still higher on the energy scale, we will have the two groups of states 
in which there is one particle in the lower level and three in the upper level; 


4 = a) - — ae 
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in one group the spin will be 0: in the other, 1. Thus, whereas the 4n and 4p 
systems have but a single state, in the case of the 3n+p and n+3p systems we can 
distinguish between at least seven groups of states. 
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Fig. 1. Possible distributions of four nucleons in two energy levels: black 
dots = neutrons; light circles = protons. 


The system consisting of two particles of each kind will be characterized by 
an even greater diversity of states (2n+2p column in Fig. 1). This system will 
have a new, even deeper-lying state in which all four particles occupy the lower 


level, a state with spin 2, and, finally a high-lying state in which all four parti- 


cles occupy the higher level. None of these new states have counterparts in the 
previously examined systems. 

The different columns of Fig. 1 characterize systems with the same total 
number of particles, i.e., isobaric nuclei, if the particles are understood to be 
protons and neutrons. Thus we see that if the forces of interaction between 
nuclear particles are exactly equal and the masses of these particles are also 
equal, but the protons and neutrons are not identical where the Pauli principle 
is concerned: 

1) isobars must have similar states which are identical as regards energy; 

2) the normal or ground states of isobars with more nearly equal numbers of 
protons and neutrons must lie deeper; 

3) in going from isobars with the greatest to those with the least difference 
between the number of neutrons and protons we encounter new levels, not found in 
less symmetrical systems. 

In drawing up the chart of Fig. 1 we used the simplest case of four particles 
and two levels. If there were more particles or levels, the diversity of states 
would be greater, but our three general deductions would still hold. 

Let us turn to the state which is encountered in Fig. 1 for all five isobars, 
If the forces acting between the particles and the masses of the particles are 
equal, these five states of the isobaric nuclei are indistinguishable from each 
other; they become distinguishable only if and when it is necessary to take ac— 
count of forces dependent upon the composition of the states. 

One might ask whether we are not dealing here with five substates, five some- 
what different forms of one and the same state, characterized by a certain dis-— 
tribution of the particles among the available levels and a certain orientation 
=x 


of their spins. ' 
Not all the states shown in Fig. l have five substates: not all of them have 
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entries in all five columns. It will be noted that some states are encountered 
only in three columns and some only in one, the middle column. 

Let us now introduce a new parameter characterizing nuclear states, namely, 
a number indicating in how many isobars (i.e., in how many columns of Fig. 1) the 
given state is encountered. Since similar states occur for one, three or five 
isobars - that is, always an odd number of isobars —- it is convenient to charac-— 
terize each state by a number T such that 2T+] is the number of isobars in which 
the given state is encountered. The quantity T is called the isobaric spin. The 
term derives from its analogy to ordinary spin. 

It has been shown in quantum mechanics that any isolated system of charges 
has a definite value of the total or net mechanical moment J, which remains 
constant in time as long as the system is not acted upon by external forces. In 
our case, however, we have 2J+l substates which have the same energy and are in- 
distinguishable in the absence of external forces. As soon as there is even a 
weak magnetic field, for example, differences between the substates at once be- 
come apparent: they all acquire different additional energies in a magnetic field. 
Hence, in quantum mechanics, in order to distinguish between these states an 
auxiliary quantum number, the magnetic quantum number m (which can have 2J+1l 
values, from +J to -J, through unity) is introduced. 

Having introduced the isobaric spin T, we can immediately determine its value 
for all the states shown in Fig. 1: to this end we need merely count the number of 
isobars for which the given state occurs. We find T = 0, 1 and 2. The values of 
T for each line are given in the extreme right column. While the chart in Fig. 1 
is for a system of four particles, we can readily elaborate a similar chart for 
a system with any number of particles. A system consisting of A particles can 
have Atl isobars. For this system the values of T will range from 0 through A/2 
if A is an even number, or from 1/2 through A/2 if A is odd. In the limiting case, 
when A = l, we have only one nuéleon which can be in two isobaric states, 1.e., 
can be either a neutron or a proton. It follows from the above argument that we 
must assume T = 1/2 for a neutron or proton. 

In Fig. 1 there is only one state where T = 2: the state which is encountered 
for all five isobars. If we want to distinguish between the five substates pe- 
culiar to these isobars we must find a way to number them, i.e., introduce a new 
quantity assuming the appropriate number of values: five in this case, or 2T+l 
in the general case. By analogy with the magnetic quantum number, we can at-— 
tribute numbers from +T, through unity, to '-T to the various states in any given 
line of Fig. l (the direction of numeration is selected arbitrarily). This new 
quantity is commonly designated through Tz (or Tg) and is sometimes called the 
third component of isobaric spin. 

It will readily be seen that for all the states listed in the middle column 
of Fig. 1 and, hence, relating to the isobar with an equal number of protons and 
neutrons Tz = 0. For all states of the 3nt+p and n+3p isobars, Tz = +1 and -l, 
respectively; for the 4n and 4p isobars, Tz = +2 and Tz = -2, respectively. Ac- 
cordingly, for A = 1, the neutron and proton have Tz = +4 and Tz = -4, 

Hence, in the general case for a nucleus consisting of A nucleons, the value 
of Tz for an isobar having Z protons and N = A - Z neutrons is given by 

i N - 2 
ty eee: 

Thus, investigating any given nucleus ama, we can readily find Tz, for all 
states of the nucleus. Knowing Tz, we can determine the lower bound of possible 
values of T for any given nucleus. Thus, for example, for the nucleus 16835, 

Tz = (20 - 16) /2 = 2 and consequently for all states of this nucleus T % 2 and 
cannot be 0 or l. 

The ground and moderately excited states of light nuclei are characterized 
by low values of T and Tz; we first encounter T = 2 in the case of 16828, Towards 
the end of the periodic table, for heavy nuclei, in which the number of neutrons 
is considerably greater than the number of protons, Tz and, consequently, T are 


- 217 - 


appreciably greater than 2. Thus for lead, goPb298, Tz = 22 and hence T2 22, 

We must note in concluding, however, that the analogy of isobaric spin T 
with ordinary spin J should not be carried too far: the angular momentum is a 
vector in quantum mechanics while the isobaric spin, as follows from the defi- 
nition given above, is simply an abstract number. Where the magnetic quantum 
number may be interpreted as the projection of J on the direction of the magnetic 
field, Tz, like T, is an abstract number. 


4. Rules of Selection 


The assumptions regarding the charge independence of nuclear forces and the 
equality of proton and neutron masses are essentially idealizing conventions 
which, theoretically, could be made even if neutrons and protons were known to 
be fundamentally different particles. However, another approach is possible: one 
may regard the neutron and proton as representing two states of the same parti- 
cle (the nucleon), differing from each other only as regards the value of a sup— 
plementary coordinate: T, (for a neutron, Tz = 4 and T = 4; for a proton, Ty, = —$ 
and T = 4). 

Although the facts that the masses of neutrons and protons are nearly the 
same, that their spins are equal, that they obey the same statistical laws, that 
@ neutron may be transformed into a proton and vice versa in the nuclear process 
of beta-decay and, finally, that the beta-transformation of a neutron into a 
proton has been observed cannot serve as definite proof of the "two states of a 
nucleon" hypothesis, they do speak in favor of it. 

Having accepted the hypothesis, we can formulate it in mathematical terms, 

Earlier, the behavior of neutrons and protons was described by the wave 
functions) ,(£,0%) and ¥p(r,o), where r denotes spatial coordinates ando”’, the 
spin coordinate. Now, the behavior of each of these particles is described by 
the wave function ¥(r, o’,t), where t is an isobaric coordinate, the different 
values of which (+4 or -4) indicate the "state" of the nucleon (proton or neutron). 
The variables o and t, which can assume only two values (+4 or -$), are similar 
in a number of ways; this greatly facilitates investigation of the symmetry and 
other properties of these wave functions. Investigation of these properties in 
the light of the above assumptions regarding the equality of neutron-proton forces 
and masses has led to two important conclusions regarding the conservation or 
possible change of isobaric spin in various processes. 

The first conclusion is that the isobaric spin, like ordinary spin, is con- 
served (i.e., remains unchanged) in all internal motions or transformations pro- 
duced by forces independent of the charge, or, in mathematical terms: the isobaric 
spin is an integral of motion. 

The second conclusion is that in nuclear reactions, @-decay, ¥ —emission and 
photoexcitation of nuclei, certain rules of selection for the isobaric spin ob- 
tain, violation of which must lead to a sharp decrease in the probability of the 
process. These selection rules have been deduced and established as the result 
of numerous investigations; although a detailed discussion of these rules lies 
beyond the scope of the present report, they are summarized in Table 5 below. 

The first of these rules, established by Adair4?, is the law of the conser- 
vation of isobaric spin in reactions between heavy particles. 

In the combination of nuclear systems, isobaric spins, like the values of the 
angular momentum, are added quantum mechanically. In adding the mechanical mo- 
menta of colliding systems one must take into account not only the spin momenta 
but also the orbital ones. Hence the net or total momentum depends on the charac- 
teristics of the relative motion of the system: on the velocity and collision 
parameter. In the case of isobaric spins, however, there is no anaiogue to the 
orbital momentum and this narrows the range of possible values of the total 1so- 
baric spin. Thus, if the colliding particles hud isobaric spins T] and To and . 
T) >T9, the resultant system can have one of 2T5 + 1 possible values of isobaric 
spin: from Tj + Tg to T, - To, through unity. 
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Table 5 


Rules of selection for isobaric spin 


1. NUCLEAR REACTIONS AND & -DECAY 


Be T. = const. 
quant. 
mech, 


2. <— -DECAY 


For variants in which the 
rule for ordinary spin is.... Fermi Teller 
(4 J = 0) (J = 0,+1 


(except 0 + 0) 
Where the rule for the selection 


of isobaric spin iS ..cccceee AT 


tl 
i) 


ay ee Pe 
3. 7 -EMISSION 


Loh tei SI 


except for the case Tz = 0, El, when only 4T =*l is permitted; 
if in this case AT = 0, the probability of gamma-radiation 
corresponds to M2 (approximately) rather than to El. 


= 


with T = 0 can result. In the scattering of deuterons in helium only such states 
of Li® can be produced for which T = 0, just as T = 0 for the ce -particle and the 
deuteron. In the capture of neutrons by H° and Li” there can result only states 
with T = 4; in the capture of neutrons by gol® (T = 1) only states with T equal 
to 1/2 or 3/2 can be formed. 

It can be seen even from these few examples that the rule for the addition 
of isobaric spins in the combination of particles can be very useful for eluci- 
dating the isobaric spin of complex nuclei. 

The spin addition rule can be applied in reverse to the dissociution of 
systems into two or more heavy particles. For instance, not all states of Be 
and Li? can disintigrate into@™+% and&+d, respectively; the process can occur 
only in the case of states for which T = 0. For example, Li® in the state with 
an excitation energy of 3.58 Mev has T = 1 and sufficient energy for the % +d 
dissociation, but the process is forbidden by the conservation of isobaric spin 
principle. Many similar examples can be found in recent literature. 

The above addition rule for isobaric spins can be applied regardless of the 
degree of stability or length of life of the resultant system. It is applicable, 
also to the formation and subsequent disintegration of intermediate states in 
nuclear reactions ( to compound-nuclei). The addition rule can be applied di- 


Thus, for Be®, in any combination of two & -purticles (T = 0) only states 


i] 


rectly to the initial and final systems, by-passing the intermediate-state stages. | 


Thus, obviously, in reactions of the (0. ,d) and (d,&) type and in inelastic 
scattering (d,d') and (et ya?) the isobaric spins of the target nuclei and the 
product nuclei are equal; in the reactions (« yn), (a,p), (n,%), (p,&), (nd); 
(d,n), (p,d) and (d,p), the isobaric spins of the target and product differ by 4, 
while in the reactions (p,n) and (n,p) or (p,p') and (n,n') the isobaric spin 
can either remain the same or change by unity. & Agaher & 

The selection rules for #-decay were established by Wigner’? . For 
those variants of the theory of 4-decay in which the ordinary spin selection 
rule is QJ «= 0, +1, the isobaric spin rule for allowed transitions is AT = 0,-1l. 
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This isobaric selection rule is relatively "liberal", i.e., it forbids virtually 
no reactions. In ail nuclei with A<30 and even, all the lower levels have T = 0 
or 1 and all 4 -transitions between these ieveis are allowed; in nuclei with an 
odd number of nucleons, there are states with T = 1/2 or 3/2 and again all #@- 
transitions are allowed. In consequence it is difficult to check the operation 
of the selection ruie in these cases, 

For the variants in which the Fermi selection rule (AJ = 0) is applicable, 
the isobaric spin should be conserved (OT = 0) in all allowed f -disintegrations. 
All the "purely Fermi" transitions known so far belong to the + 0 —» + 0 type. 
These are the transitions cl0O_y 1.74 Mev B10, ol4_y 2.31 Mev ni4, a ci 34-y s34, 
They all belong to the class of transitions between similar states? - Inasmuch 
as in similar states the isobaric spins are equal, AT in the decay process is zero 
and the isobaric selection rule is automatically observed. 

The isobaric selection rules for 7-emission were established by Trainor?9 
and Radicati.°® In the case of nuclei having an unequal number of neutrons and 
protons (tT, # 0), OT must equal O or <1 for ¢%-emission to occur. Non-observance 
of this condition must lead to an appreciable decrease in the probability of 
radiation. In all light nuclei (A<30) the values of T for all the lower levels 
do not differ by more than unity (T = 0 or 1 for even values of A and 1/2 or 3/2 
for odd values of A); hence the isobaric spin selection rule for 7-transitions 
introduces no new restrictions, i.e., does not forbid any transitions. 

For nuclei having an equal number of protons and neutrons (Ts = 0) the se- 
lection rule remains the same as before for transitions of all types, except the 
El, electric dipole, transition. For transitions of the El type, AT must equal 
+1, For cases when AT = 0, the El type transition is forbidden and its probability 
is reduced by a factor of thousands or tens of thousands (i.e., approximately to 
the probability of an M2 transition). Since in nuclei with Tz = 0, many of the 
lower levels have T = 0, there are numerous cases where the 7-emission selection 
rule can be eae Examples of such application are given below in Section 8. 

Trainor? also established that in nuclei with an equal number of protons 
and neutrons transitions of the El type are forbidden between states having iso- 
baric spins T and T + 2k, where k is any integer or zero. In the case when k = 0, 
this rule becomes identical with that listed in Table 5; while for k>0, the rule 
has no practical significance since so far no nuclei having states differing from 
each other by 2 or more as regards isobaric spin have been discovered. 


5. Displacement of the Levels of Isobaric Nuclei Due to the 


Coulomb Energy of Nuclei and Difference in Mass Between Protons and Neutrons 
The hypothesis of the equality of the n=-n, n-p and p-p forces and of the n 
and p masses lead to the concept of similar states of isobaric nuclei, forming a 
"multiplet" 51 characterized by equal values of the isobaric spin T and energy 
E, the same spin J and the same parity. ) 
The resultant "idealized" arrangement, tabulated in Fig. 1 is shown in a 
more familiar form in Fig. 2 (where the number of levels has been arbitrarily 
increased). Any level found in the "outer" isobars also occurs in the others 
and at the same height; the nearer an isobar is to the center of the diagram, the 
greater the number of available levels. 
If the basic assumptions are not rigorously satisfied, the deduced conse— 
quences will also be only approximately fulfilled, iee., 1) the various levels 
of the "multiplet" will be displaced relative to each other as regards energy and 
2) the assignment of isobaric spin values T to each level will no longer be 


rigorous. . ; 
For example, taking account of a real or assumed inequality of the proton 


and neutron masses will lead to the displacement of each column in Figs. 1 and 2 
downward by an amount n — p relative to the neighboring column on the left. On 
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Fig. 2. Idealized diagram of 
energy levels of isobaric nuclei. 


Fig. 3. Example of shifting of 
isobaric nuclei levels due to 
electrostatic interaction and the 
inequality of n and p masses. 


the other hand, an additional electrostatic 
energy will shift the successive (left to 
right) columns in Figs. 1 and 2 upward. Since 
beginning with A = 4, the electrostatic dis-— 
placement is greater than the n-p displacement, 
from A> 4 the levels of a multiplet are 
shifted upward as Z increases. The displace- 
ment AEco,) gradually increases with, increasing 
values of Z. In an earlier article we 
showed on the basis of data on the ground 
States of mirror nuclei that 

AEcoul = 1.196 Rvs mee (2) 
and the total displacement 


Ape Abe s(n) (1.196555 -0.781)Mev. (3) 
A 


As a result of this displacement the 
location of the levels in an isobaric multi- 
plet departs from the "ideal" symmetrical ar- 
eae relative to the central isobar 
7M- e 

The shift of levels is pictured in Fig. 3 

The displacement or energy difference AE 
defined above is linear with respect to Z. If 
with refinement in measuring techniques it can 
be shown that there is a systematic deviation 
from this linearity, this will indicate either 
that the nuclear forces between nucleons are 
not exactly equal or that tine expression for 
the electrostatic energy of nuclei shouid in- 
clude terms not proportional to Z(Z - 1), LeOes 
terms connected with exchange energy, changes 
in the distribution of the particle with changes 
in Z, etc. 

Other possible consequences of the presence 
of Coulomb forces and the inequality of the 
neutron and proton masses will be examined in 
Section 7. 


6. Isobaric Spins of Actual Nuclei 


The states pictured in Fig. 1 have been arranged in the chart taking account 
of their structure in accordance with the commonly accepted view of the packing 
of nuclei. Thus on the basis of the accepted concept of this structure we were 
-able to arrange the various states in lines (relative levels) and then assign each 


an appropriate isobaric spin number. 


Going over to the excited states of actual 


Ruclei we lose this "guide line" and, not knowing the structure, are unable to 


predict the isobaric spins. 


Deuterons 


It can be shown that the isobaric spin can be determined from the usual basic 


quantum-mechanical parameters (total angular momentum and parity) only for the 
simplest system consisting of two nucleons. In S, states (spins of the nucleons 
opposed; total momentum equal to zero), T = 1 for even states and T = 0 for odd 


states. 


In S, states (spins of nucleons parallel, total momentum equal to unity), 
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T = 0 for even and T = 1 for odd states. 


Thus, the ground state of the deuteron has spin 0; the Singlet state of the 
deuteron, if it existed, would have an isobaric spin of l. 


od -Particles 


The isobaric spin of & -particles cannot be calculated with certainty theo- 
retically. Reasoning based on the chart of Fig. 1 would indicate that it should 
be 0. It would appear obvious that the. tighest packing of two neutrons and two 
protons will obtain when they all occupy the lowest level and have antiparallel 
Spins; in this situation T = 0. It is clear, however, that this situation cannot 
obtain in H* and Lif, 

We can, however, deduce that the isobaric spin of X-particles is zero from 
the experimental evidence that if two states A and B have different values of iso- | 
baric spin the reaction A(d,%)B does not occur. This is understandable if the hy 
isobaric spin of &-particles is zero. On the other hand, if the isobaric spin 
of the & —~particle were 1, 2 or greater, the isobaric-spin selection rules would 
not forbid the reaction in all cases. For example, the 015(a,0)2.31Mev N14 re- li 
action is not observed, i.e., is not allowed, since for ol6 7 . 0, while for the 
2.31 Mev state of N!4 T = 1 (see under Section 7, below). 


More complex nuclei 


The isobaric spin of more complex systems than the deuteron cannot be computed 
if only the energy, the orbital and total momenta and parity are known: more de- 
tailed information regarding the structure of the state is needed and this we do 
not have at present, 

There are, however, three ways of deducing the isobaric spin from experimental 
data: the first is through observation of nuclear reactions, the second is through 
investigation of the value of ft characterizing the a-decay process and a third 
is by seeking similar states of atomic nuclei. We shall consider these in turn. 


Nuclear reactions 


In muny cases we can determine the isobaric spin by applying the rules of iso- 
baric spin addition in nuciear reactions. By applying this rule and invoking the 
fact that both deuterons and &-particles have T = 0, we can determine the isobaric 
spins of the ground states of all light nuclei and of many of the excited states 
of these nuclei. 

Ground states of nuclei with A € 20. By way of illustration let us trace the 
procedure in determining the lsobaric spins of the ground states of nuclei with 
A « 20. Let us start with nuclei of the type gM-4. Since the following reactions 
proceeding to the ground state have been observeds:* 


9 
oo. taal arg oe and 0 td,0)u4, 


8 10 8 2 

Lio(d,x<)x, Be” —> 26, Ba (d,X)Be', C “(d,«) 
we deduce in turn that Li®, Be”, plo, cl2, nl4 and 016 ail havens = 0. git 016 
our series of (d,%) reactions breaks off, since the reaction 0°°(d,a)F°" has not 
been investigated. However, the isobaric spin of F18 can be determined indirectly: 
the 5.61 Mev state of ris is obtained at the resonance of N}4 + OC (By = 1.7 Mev) 
and hence has T = 0. On the other hand, this level is also obtained by the 
10Ne (d,& ) reaction whence it follows that for Ne20 | T = 0. Inasmuch as the 
ground level F is also obtained through the Ne29(d, « ) reaction, we conclude 
BaAatLor, it, 00, T=. 0. 


* Data regarding the nuclear reactions mentioned in the present section will 
: . , a9) 
be found in the survey by Ajzenberg and Lauritsen®~, 
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‘ 2Z+1 a 
Turning next to gM nuclei, we find that the following reactions pro- 
ceeding to the ground level are observed: 

.6 | 10 ae ret | 6 .6 T ( ‘ 
eal see Sebi, Gi (d,t)Li’, Li (d,n)Be , Dae ha He (ds Rina 
9 14 ll 10 11 10 hal 14 Li ; 

Brstd, S/he Nein alb., B. (a,p)B sR (dyno, Nop, jolt ict Ga onl 
16 13 10 13 Le 13 1 15 5 

0°" (n,x)C » B (x,p)c", C (d,p)c'", C P(x) p)N - c"(x,n)0°, n*4(a,n)o!5, 
14 17 19 Lt 14 17 16) 17 ) 

Dxp0., © 10,0)0° NOR ne, 07 lames of Spire aoe inet 


From these we determine step by step that the isobaric spins of Li’, tae Be” pil 
cll, 035 ni3, n15, 015, ol : Fl, FIY and Nel9 equal 4, ‘ : 
9 9 } ( ¢ ~ 

The isobaric spins of the zM-“*™ nuclei, oHe’, gli®, 4Be'’, spi?, gcl4, pnié 


gols and gF29, can be deduced in the following manner. For all these nuclei 
Tz = 1 and, therefore, TZ1. On the other hand, investigators have observed the 
following reactions proceeding to the ground state: 


9 6 .6 : : , : : 
Be (n,«)He , Li (a. p)He°, rit hag ©} We B (no) Li’, Leta: pili. ei oN hi te 


13 10 9g 10 9 12 ll 1G) 14 12 jy 
C (n, «)Be » Be (d,p)Be » Be (x, p)B » B (d,p)B » C (d,x«)B » C Gey) cue 


ll 14 14 14 13 14 15 16 
B (x, p)C » N (n,p)C °, C “(d,p)C ', N“(d,p)N , 
18 15 18 18 19 20 
O-'(p,x)N'“, 0 (p,n)F and F “(d,p)F" . 
By quantum mechanical addition we could have T = 0 or T = l, but since, as 
noted above, the zero value is inadmissable, we have T = l. 


Not much is known regarding light nuclei of the gMee+3 group: Li9, cls, nl7 
and 019, For these, T, = 3/2 and, consequently, T Srsje, However, from the fact 


that the reactions Re (d, eel, sep eben tee ee torn ae G 'GepiNe, and 
F19(n,p)019 have been observed, it follows that for all these nuclei T cannot be 
greater than 3/2 and, hence, must be equal to aie. 

To summarize, it may be stated that for all light nuclei with A < 20 the 
ground state has the lowest possible isobaric spin: T = Ty. 

There is, however, no reason to assume that this will also always be the case 
for nuclei with A>20. 

We can expect mirror nuclei of the first order to have T = 4 in view of their 
symmetry. For the same reason mirror nuclei of the second order may be expected 
to have T = l. All even-even nuclei in the ground state are closely packed; at 
any rate in all investigated cases these states belong to the +0 type. It may be 
assumed that for these nuclei the isobaric spin of the ground state will always 
be minimal. We have no analogous arguments where nuclei of other types are con- 
cerned. 34 
It is possible that Cl is the first example of a nucleus for which T = l, 
rather than 0 in the ground state, as might have been expected from the fact that 
this nucleus has an equal number of protons and neutrons em 

The currently accepted decay scheme for c134 is shown in Fig. 4,53 

It was long considered an established fact that the ground state of C134 wa 
a state having a half-life of 33.2 minutes and decaying by the emission of &@ - 
particles having components with end-point energies of 1.3, 2.58 and 4.55 Mev and 
{-rays with energies of 0.145, 1.16, 2.10 and 3.22 Mev.°4 For C134-S34 the dis- 
placement, AECoyl]-n+p = 5-13 Mev; this value is close to the energy released in 
the decay of the above-mentioned 33-minute state of c134 (4.55 + Ompc? = 5.5 Mev). 
However, the 33-minute state of c1i34 is not at all similar to. the ground state of 
s34 since for t = 33 min and Egy = 4.55 Mev, we find frs= 3.3°105 sec; consequently 
the A-decay of 33-min c134 —>» §34 is forbidden and the quantum characteristics 
of these two states are different. From this it had to be concluded that the +0 


state of C1°* similar to the ground state of s?4 lies near the 33-min staté of 
c134 put is not identical with it. 
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In 1953 Arber and StWhelin®’® resolved 
- the inconsistency. They discovered that in 
the C139 (7,n) reaction there is produced, 
in addition to the 33-min state, another 


, 1.2 oui state with a half-life of 1,580.05 sec and 
LA 1S a positron spectrum end point energy Eep = 
Waa ee a ied = 4.45 Mev. 

a: The product $tfor the 6-decay of this 
1326 A239) “Ae? state equals 2650 sec, i.e., corres gate to 

yi) a favored allowed 4 -disintegration. This 
low ve\|/ / 072680 see is the value of ¢tthat should be expected 

/ if the new state is of the +0 type and the 

\ me | i A@-transition decay of the +0-—> +0 er 
oo In the new decay scheme for Cl the 
lo rol 33 Mev state is the first excited state, has 
atk an excitation energy of 139 kev and dis- 


integrates partly directly to S34 and partly 
; (about 50 per cent) by isomeric transition 
Fig. 4. Decay scheme for ee: ae (yand e ) to the ground state of Ci *yethe 
Eep = 4-45 Mev (46%); B79: Een = conversion ratio of the isomeric transition 
as 5.58 Mev (28%); 8B 3: Eep = P53 Mev was measured by Arber and Stahelin and 
( 26%). [ Eep= end-point energy / proved to correspond to M3. This indicates 
that the 33-min state is an even state with 
spin 3. The great difference of momenta explains the high degree of forbiddenness 
for the 139 Kev transition and the comparatively long lifetime of the first ex- 
cited state of C1%4, 

Accord ing to the new scheme the ground state of c134 is similar to the ground 
state of S and should have the same value of isobaric spin. This also follows 
from the selection rule for the #-decay (see Table 5), according to which +0 +0 
transitions can occur only between states with equal values of T. Since S34 has 
fT, = 1, for it T21. Whence it follows that for the ground state of C134 the 
isobaric spin, T > 0, is greater than the minimum possible value of T (T = Tz). 

It is possible that there are cases even before C134, in the interval 20 < 
A<34, where T> T, for the ground state of the nucleus. There is reason gg bo 
that this may be true in the case of al?® for which the difference Al26 - Mg is 
almost equal to the displacement SE and fr= 2700 sec. It would seem likely that 
T = 1 for the ground state of A126, 

Excited states of nuclei with A even. In many cases the isobaric spins of 
the excited states of nuclei can be determined from data on inelastic scattering 
of deuterons, X-particles, protons and neutrons. Inelastic scattering of deuter- 
ons and X-particles can result only in excited states which have the same iso- 
baric spin as the initial nucleus, while inelastic scattering of protons and 
neutrons can lead to excited states with an isobaric spin equal to that of the 
parent nucleus as well as to states with an isobaric spin differing by unity. 

By way of example, the analytic procedure for determining the isobaric spins 
of the excited states of p19 is illustrated in Fig. 5. All the excited states, 
except one, are attained through (d,d') scattering; hence, obviously for these 
states T = 0. The exception, i.e., the state with an excitation energy of 1.74 
Mev, is not obtained by (d,d') scattering but only through (p,p') scattering. For 
this state, we find T = l. 14 : j 

A similar analytic diagram for the excited states of N is shown in Fig. 6. 
The ground and the first two excited stutes (2.31 and 3.95 Mev) are obtained by 
the n14(p, pt )N14* reaction, but only sedal Sto state and the second excited state 
are also attained through the n14(da,a')N reaction. It follows that the 2.31 


Mev state of N has T = l. 
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If light nuclei should have states with 


ocaneiely Eq -dSMeV high values of T, such states would not be 
— é : If produced as a result of the usual nuclear re- 
psa § e——4 | | FZ actions. It might be thought that numerous 
B'(do) SSS ones fl === 2 . : excited states with high values of T exist but 
ear fe ie | cup that we are simply unaware of them due to the 
i sa pda) fact that they are unattainable by conventional 
Naap] experimental reactions. This is, however, un- 
Delt likely. As a result of (n,2n), (n,p), (p,n) 
Pe and (p,2n) reactions there can be formed nucle- 
|e ca ar states with different degrees of excitation 
Jo | \o_| and values of isobaric spin differing by unity, 
for example, T and T + 1. Since the selection 
rule for 7Y-emission allows AT = gan} the e- 
Fig. 8. Determination of the mission of 9-quanta could lead to states 
isobaric spins of excited states having isobaric spins of T - l, T, T + 1 and 
of the mirror nuclei B!! @ cl!, T + 2, while JY-ray cascades could result in 
states with an even greater diversity of iso- 
baric spins. Since such states have not been 
£4 =aM: observed, it may be assumed that they do not 
| oh as “fff exist. 
| Fz al Late Gamma-ray absorption reaction. Above we 
NG age ee if Ny) considered nuclear reactions involving only 
———— ar heavy particles. In some cases the isobaric 
sy, spins of excited states can be determined 
ed through comparison of the (J,n) and (7t) re- 
ei actions. This wiil be discussed at greater 
| length under Section 9. 
| The product ai 
, ee OB 
n” Wigner and Feenberg?9 and later Kofoed- 
Fig.9.Analysis of isobaric Hansen®9 called attention to the following at- 
spins of excited states of nil, tribute of the matrix element of A-decay. 


In "pure Fermi" £-transformations of the 
+0 —» +0 type, the matrix element does not depend on the variant of the &-decay 
theory or the nuclear model applied. If the charge independence of nuclear forces 
hypothesis is valid and we can neglect the Coulomb and magnetic forces and the 
difference (n - p), or, in other words, if the isobaric spin can be regarded as 
a "good quantum number", the square of the matrix element should be equal to 


1 A ee a9 Ty Tz» 


where T is the isobaric spin common to the two states and Li and T 9 are its 
components in the respective states. Since T cannot be 0 for the two states of 
neighboring isobars between which the 4-transformation occurs, the matrix element 
must always be greater than zero, 


For all transitions between two states with T = l, the matrix element squared 
equals 2; while for transitions between states with T = 2, the matrix element 
squared equals 6, if at least one of the nuclei has T, = 0. This conclusion can 


be verified inasmuch as equality of the matrix elements means equality of the 
products 7T. 10* l 
stared ray + igen. ahna of the +0 — +0 type are known: clo => B 3 0 ‘ > 
—> N14 and cis4 > S 4. It is known for certain that T = 1 for both states in 
the first two cases and there is good reason to assume that this also holds for 


the last case. neta, ¢ 
The values of the product fr for the three cases are 600043000, 3300-900 
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and 2650200 sec, respectively°2, 


While in view of the wide limits of error indicated it is impossible to 
assert positively that these values are equal, it can be seen that all the fr 
values may be equal to 2400-2900 sec. In any case if C124 and $34 had T 22, 
the value of fx for C134 would ‘be one half to one third that for the first two 
cases. Inasmuch as this is apparently not the case, it may be assumed that for 
both the states connected by the 4-transformation T = l, 

Of course, this method of determining the isobaric spin will become of 
practical value only when the values of fy are ascertained with greater precision 
and an appreciably larger number of +0 —» +0 transformations has been studied. 
Although its practical usefulness lies in the future, it snould be noted that this 
method has one advantage over the previously mentioned methods: it does not in- 
volve analysis of a consecutive series of reactions but permits determining T 
directly for an isolated pair of nuclei. 

Investigation of decay processes of the type +0 —> +0, T = 1 and AT = 0 
should prove of great interest. Although the nuclide A?4 has not yet been ob- 
served, there can be little doubt that its ground state is similar to that of 
S°*, since these are mirror nuclei of the second order. This being the case, the 
AS84_y c134 decay should be of the above type. 

As mentioned above, it may be assumed that Al2® also undergoes this type of 
decay (fv = 2700 sec). 

It is possible that the newly discovered isotopes of the A type - 
93V46 (+ = 0.40 sec), 95Mn 50 (‘c = 0.28 sec) and 970094 (v7 = 0.18 sec) -— also 
exhibit +0 —- +0 decay 61; using equation (3) given above to compute AE and then 
the end=point energy of the © -spectra, we obtain values which in conjunction with 
the cited experimental values for t yield a figure in the neighborhood of 2700 sec 
for the product ft. 


Similar states 


There are two ways in which the concept of similar states of isobaric nuclei 
can be utilized for deducing the isobaric spin. 

A) If for a given nucleus we know the position 
of the level similar to the ground state of a 
neighboring, less symmetrical isobar with isobaric 
spin Tj, we can make use of the fact that all lower- 
T=/ £=/§2 lying levels of the given nucleus have T<T}. 

Example: Consider the case of Fig. 10. The 
15.09 Mev state of C1!2 is presumably similar to the 


lying states of cl? have T = 0, since there can be 
no states of Bl? similar to them, 

Table 6 lists the positions of the first level 
having an isobaric spin one unit greater than in the 
ground state for a number of light nuclides, 
T=0 B) If neighboring isobars have similar states34, 
ise., levels displaced relative to each other by 
AEcoul - (mn - p) and characterized by the same angu- 
lar momentum (spin) and parity, it may be assumed 
that these states have the same value of isobaric 
spin. In no known instance does experiment invali- 
date this assumption, Consequently, where the iso- 
baric spin for any one of the states can be deduced 
in some way (for example, analysis of nuclear re- 
actions), we immediately know the value of T for all | 
other similar states. 


Fig. 10. Isobaric ete of Example 1: He®e Li®, Consider the 3.572 Mev 
excited states of C 2. excited state of Li” (Fig. 11), which is formed in 


ground state of B = and has T = l. Hence, all lower—— 


Excitation energy (Mev) of the first levels of light nuclei, having an isobaric 


a spin one unit greater than in the ground state, 


or 
yore} 
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"Symmetric" nuclei — _M Mirror nuclei - 


( ground state, T = 0 ) ( ground state, T = 4 ) 


"Deuteron" nuclei 


———_____. 


States with T = 1 


States with T = 3/2 
States with T = l 
Be® : 16.9 (19.18) 
cl2 ; 15.09, 16.10 
016 . 12.51, 13.09 
Ne29; (10.22, 10.9) 


Li8: 3.572 (5.28) 
piO: 1.72, 5.11 or 5.17 
nl4; 2.31, 8.06 

F18. (1.20) 


Note: The values in parenthesis are conjectural. 


the Be9(p,x) and Li’(p,d) reactions. Inasmuch as both Be9 and Li’ have T = 4, 
the excited state in question must have T = 0 or T = 1. Apparently this state 
is similar to the ground state of He’. Addition 
of the equivalent of AEcgy, - (n - p) to the mass 
of He® leads to an excitation energy value of 4.04 
Mev for LiS, Although the difference between the 
computed and observed value of the excitation is 
appreciable, it can be ascribed to the error in 
computing the Coulomb energy and to the ever- 
present, but so far unexplained, relative downward 
shift of the similar state of the isobar with the 
larger atomic number. Inasmuch as Li® exhibits no 
other excited levels in the 3 to 5 Mev interval, 


eee there can be little doubt that the 3.572 Mev state 

(Re) of Li® is the one similar to the 0 Mev state of He®, 
Fig. 11. Use of the similar Since, as was show above (in our discussion of 

states, 0 Mev of He® and isobaric spins of nuclei in the ground state) He® 
3.572 Mev of Li®, to de- has T = 1, we conclude that the isobaric spin of the 
termine the isobaric spin 3.572 Mev state of Li”? is also l. 
of the latter. Example 2 : States with T 21. The 17.0 Mev 


and 19.28 Mev states of Be® should be similar to 

the ground and 2.28 Mev excited states of Li®8. In the above interval of excita- 
tion of Be® the levels are closely spaced; moreover, the nuclear reactions which 
could aid us in determining the isobaric spins have not been investigated. Hence 
in seeking to identify the states of Be® similar to states of Li® we must depend 
on comparison of the quantum characteristics of the corresponding levels. =} 

The state similar to the 3.37 Mev state of Bel® is probably either the 5.11 
or the 5.17 Mev state of B19, The states of C1? similar to the 0, 0.947 and 1.65 
Mev states of Bel2 are probably the 15.09, 16.10 and 16.8 Mev excited states of 
this carbon isotope. The 8.06 Mev state of Ni4 is probably similar to the 6.10 
Mev state of cl4, the 0 and 1.6 Mev states of N16 are probably similar to the 
12.5] and 13.09 Mev states of 016, etc. 


Now Bel9, Bel2, ci4 and N16 are all gMaet2 nuclei, for all states of which 


T 271. Consequently the designated state of the other nucleus of each of the 


above pairs must also heve T>1. Our determination is only tentative, for 


= +—-" 


: 
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definitive identification of similar states cannot be based exclusively on measure- 
ment of the mass differences, in view of the fact that the uncertainty of computing 
the Coulomb- energy and the previously mentioned relative shift of the levels of 
nuclei with high values of Z can, in some cases, amount to several hundred kev 
while some of the more symmetrical nuclei have several levels within this energy 
interval. Hence to simpy sage | the similar levels and establish the isobaric spin 

of the excited states of Be”, p10, c+" and the other nuclides with a greater degree 
of certainty one must carry out a careful analysis and comparison of the corre- 
sponding angular momenta and parities. 

Example 3: The mirror pair Li & Be’. As is known, the ground states and 
corresponding excited states of mirror nuclei are similar. It is probable that 
the isobaric spins of the corresponding state-pairs are also equal. In many cases 
this can be shown directly through analysis of nuclear reactions (see, for example, 
Fig. 8 for the Bl! — cl! pair). In other cases, where experimental data is lacking, 
the unknown isobaric spin can be established by making use of the similarity 
principle. Thus we can readily show that the ground and 0.478, 4.61 and 7.46 Mev 
levels of Li’ all have T = 4 inasmuch as the first three are attained through the 
Li6(d, p) and Li?(d,d') reactions, while the last is produced by the Li® + n and 
Be’(d,n) reactions. No similar nuclear-reaction data is available where the 6.56 
Mev level of Li‘ is concerned. 

We deduce that the 0 and 0.430 Mev states of Be? have T = 4 since they are 
formed in the reaction Li8(d,n) and that the 6.4 and 7.16 Mev states of Be’ also 
have T = 4 since they are intermédiate products in the Li® + p= Be! —> He? re- 
action. Nothing is known regarding tne 4.6 bev state of Be!, By combining all 
these data we can readily show that the isobaric spins of the paired states 0 Mev 
of Li? & 0 Mev of Be’, 0.478 Mev of Li? & 0.430 Mev of Be!’ and 7.46 Mev of Li! & 
7.16 of Be! are equal; in the light of this we are probably safe in assuming that 
the isobaric spin of the 4.6 Mev state of Be? and the 6.56 Mev state of Li’ also 
equals 4. 

7. Uniqueness of the Isobaric Spin and Strictness of the Selection Rules 

It follows from what has been said above that if the n-n, n-p and p-—p forces 
are exactly equal and the n and p masses are identical the isobaric spin must be 
an integral of the motion or, to employ the expression used in quantum mechanics, 
is a “good quantum number". Under these conditions it is analogous to the total 
mechanical momentum J. 

Actually, however, the forces of interaction between nucleons are probably 
only approximately equal, the neutron and proton masses are slightly different and 
the electrostatic and magnetic forces undoubtedly violate the ideal conditions. 

In consequence the isobaric spin ceases being a "good quantum number" and 
components with different values of T (but, of course, with the same values of 
the ordinary spin and parity) appear in the wave equations of the system. That 
is, a similar situation obtains as in the case of the orbital momentum of the 
nucleus, where, in consequence of the fact that the nuclear forces are not pre- 
cisely central, the orbital momentum is not a perfect quantum number and the wave 
functions of nuclei comprise components with different values of L, but with the 
same total momentum and parity. Thus the expression for the ground state of the 
deuteron, which has a spin l, contains functions with L = 0 (S)-state) and L = 
= 2 (D)-state) (L = 1 is excluded by the law of the conservation of parity); 
figuratively speaking, it may be said that the deuteron is in the S)-state 967 
of the time and in the D)-state 4% of the time. 

In light nuclei non-central forces play a relatively unimportant part and con- 
sequently the component of the wave function relating to one of the values of L 
is appreciably greater than others. 

Analogously, in light nuclei the deviations from charge independence are 
minor and consequently one of the values of T is the principal one. 

The fact that T does not have a unique value should lead to a certain "relax- 
ation"' of the strictness of the selection rules. That is, where the selection 
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rules cited in Table 5 forbid a certain reaction or transformation for the 
principal value of T, 


they may allow it for the admixture state or States having 
a different value of T. Thus a transformation, strictly forbidden for the 
Principal value of T, may nevertheless occur. 

In order to describe the admixture of different 
wave function may be expressed in the form 


W = lt) + Dor yy(r), 
mit 


where W(T) is the component relating to the principal value of the isobaric spin 
T, ¥(T') is tue component corresponding to the isobaric spin T' and &(T') is a 
coefficient characterizing the extent or amplitude of the admixture of the state 
ct ly 
If some process is forbidden for the principal value of T, but allowed for 
T', the magnitude of 2(T') determines the residual probability of the process. 
The value of the coefficient Q(T') can either be evaluated theoretically on 


the basis of certain assumptions regarding the nuclear forces and structure or 
derived from experimental data. 


States quantitatively, the 


Theoretical evaluation 


The admixture of functions relating to different values of T may be due toa 
certain dependence of the nuclear forces on the charge, to the effect of Coulomb 
forces or to inequality of the n and p masses, 

The only theoretical evaluations of X(T') we know of are concerned solely with 
the effect of the Coulomb field and limited to two particular cases. In the first, 
Radicati%2 examined the possible admixtures to the ground state of a symmetrical 
nucleus with Tz = 0, in which there are two nucleons external to the closed shell 
(i-e., nuclei of the Li®, N14, FI8 type), 

The ground state of these nuclei has T = 0, J=1, S=1 and L=0. Radicati 
determined the admixture of the state with T = 1, J= 1, S = 1 and L = 0, due to 
the effect of the Coulomb field of the shell on the two external nucleons (states 
with T = 1 and J = 1, but other values of S and L do not yield admixtures). The 
energy of the first excited state with T = J = S = 1 and L = 0 was computed as-— 
suming a square potential well; the value found for N14 was 49 Mev, which is proba- 
bly too high. Having computed the matrix element Connecting this excited state 
with the ground state, Radicati obtained ~%7(1) = 2.5°107%, 

The second evaluation was for the case where in addition to the closed shell 
there are four external nucleons (as in the Be® and Ne29 nuclei) or where the 
closed shell has four vacancies (as in the cle and A36 nuclei). The ground states 
of these nuclei have T = J = S = L = 0; one may expect admixtures of the states 
eee ee ee ned in 0 and with T= 2. oO) Se 0 aod ee 
Radicati's rough approximations indicate that in C!2 these levels should lie vat 
about 15 Mev. This value yields 


OX 2( oa 5°1072 and oe( 2) = 4. 10-9. 


Obviously these are no more than very approximate evaluations and for par- 
ticular cases at that. 

Nevertheless it may be concluded that the Coulomb force of the nuclear shell 
on the nucleons external to it does not produce an appreciable displacement of 
the energy level. 

Hence if it turns out that nuclear states are very "pure" as regards the iso- 
baric spin, this may be taken as an indication that the other causes, too, do not 
produce energy-displacement of the nuclear states and that, consequently, nuclear 
forces are virtually independent of the charge. 


The evaluations made by Radicuti relate only to tne ground states of nuclei. 
The values of M(T') increase as the distance between the T and T' levels decreases. 
The higher the excitation of a nucleus, tie smaller the mean separation of the 
levels. Hence as the excitation increases, & tends to 1 and the uniqueness of the 
isobaric spin vanishes, i.e., its value becomes ambiguous. 


Experimental determinations 


Experimental determinations of the admixture of states can be made by ob- 
serving cases of violation of the selection rules. The selection rules governing 
nuclear reactions are the most strict. 

Thus, for example, the 016( a,x) 2.31 Mev N!4 reaction is entirely forbidden; 
if it should occur to any minor extent, its relative intensity is,determined by 
the admixture of the state with T = 0 to the 2.31 Mev state of N having T = l. 

The most conclusive results to date have been obtained, for two particular 
cases, by Buechner and his associates who for many years have carried on studies 
of the spectra of the charged particles emitted in nuclear reactions. In the in- 
vestigations of this group the protons or deuterons are accelerated by an electro- 
static generator and a well collimated, monoenergetic portion of the beam is di- 
rected at a very thin target. The secondary particles knocked out at 90° to the 
direction of the incident beam are analyzed by means of a magnetic spectrometer. 
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deuterons (b) inelastically scattered by 


Fig. 12. Groups of protons (a) and : 
plo 63). Energy of the incident protons: 


at an angle 9 = 90° (according to Ref. 
6.92 Mev; energy of the incident deuterons: 6.98 Mev. In proton scattering 


excited states of plo having energies of 0.72, 1.74, 2.15, and 3.58 Mev are 
formed. With deuteron scattering the same states are obtained, with the ex- 
ception of the 1.74 Mev state, the appearance of which is forbidden by the 


conservation of isobaric spin law. 
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Fig. 12 shows the results of the measurements of the spectrum of protons (a) 
and deuterons (b) inelastically scattered by B19 (Ref. 63). 
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The ordinate scales 


have been selected to fucilitate matching of lines pertaining to equal-energy 


levels. 


In the upper figure (a), the pronounced peaks correspond to elastic 


scattering (0 Mev) and inelastic scattering of protons at the 0.72, 1.74, 2.15, 


3.58 and 4.77 Mev levels of plod, 


scattering resonances corresponding to all the above levels with the exception of 
the one at 1.74 Mev, which we have already encountered in our discussion of Fig. 5 
In the region of the lower curve corresponding to the 1.74 


and which has T = l. 


In the lowe 


r curve (b) one can find deuteron 


Mev peak we find only a weak scattered background showing little variation over 


a wide energy interval. 


The values of the relative intensities are listed in Table 7. 


inelastically scattered from B 


Table 7 


Relative intensity of groups of protons and deuterons 
Wy and NI4 nuclei (Fy q = 7 Mev) 


Level of Protons Deuterons | Level of Protons | Deuterons 
plo H ni4 
0 <> 100 100 100 
0.72 <0.5 
1.74 10 
2.15 
3.58 
“? | ee 
OO } a 25 « 
= 50 ae 
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Fig. 13. Same as aan. 12 but for scattering by N14, In proton scattering 
14 with energies of 2.31 and 3.95 Mev are formed; the 


excited states of N : 
2.31 Mev state does not form in the case of deuteron scattering since it 


is forbidden by the conservation of isobaric spin. 


The selection rules allow the B10(d,d') yee bali, only for the state with T = 
- 0. In order to determine the upper bound of a°(0) from the data of Table 7 one 
would have to know to what extent the group corresponding to the 1.74 Mev level 


of BIO ig weakened compared to what it 
den by the isobaric spin selection rule 
present-day theory is not sufficiently adv 
intensity of individual lines from the sca 


a aS 
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would be if the reaction were not forbid-— 
- It is impossible to compute this since 
anced to permit evaluating the relative 
ttering angle of the particles and 


energy and the spin and parity of the formed states. 


intensities of the groups produced by the (p,p') 
parallel and differ at no point by a factor of ov 


thetical group of deuterons, corresponding to the 1.74 Mev level of B10 


have 


We are, therefore, reduced to an approximation: assuming that the relative 


and (d,d') reactions vary in 
er 1.5, we conclude that the hypo- 


» would 
a relative intensity of 1 + 0.5. From this we get ~%7(0) < 0,15/0.5, = 0,3 


and %(0) < 0.55, 


and N!4(d,d') reactions (Fig. 13). The relative yields of the particles are listed 
in Table 7. Reasoning as outlined above for plo, we arrive ato 
hence, *(0) < 0.45. 


upper limits of <2(0 may be reduced to <0.04 for the 1.74 Mev state of Bl ana i 
to <0.1 for the 2.31 state of nl4, 


Analogous results were obtained by Buechner and associates for the n14( 4, pt) | 


(0) < 0.5/2.5 and, 


These values appear to be excessively high. Buechner et al indicate that the 


The results of an investigation28 of the %-particle 


‘| 
ny spectrum obtained in the 016( a, «)nl4 reaction are shown il 
fj in Fig. 14, While the group of o-particles emitted by | 
| N14 in the ground state is clearly discernible,no group | 
4 300 associated with the 2.31 Mev state is observed; the \ 
= group should have an energy of 1.82 Mev (or slightly 
= less due to slowing-down in the target) and should ap-— 
3 pear at the point indicated by the arrow in the figure. i 
Q. gel The investigators note that tieir instrument was sensi-— | 
xs tive enough to detect a group having an intensity of 
G4 only 1/50 that of the ground state group. I 
i 100 e* | In addition to the above, a number of other attempts 
° Y, 2 to evaluate the admixture of isobaric spin values for | 
€ a certain states of Bel9, pl9, ¢l2 and 016 have been re- i 
z ’ ported (Refs. 48, 64, 65 and 66), but in most cases the | 
170 190 350 5 results are questionable due to the incompleteness of 
—_ ieee = the experimental data. 
Fig. 14. Spectrum of 8. Isobaric Spin and Gamma-Emission 
_&particles emitted in 
the 016(a,a)Nn14 reaction. The selection rule for Z—emission (AT = Oe, Eh) die 
The A-particle group so unrestrictive that it virtually forbids nothing, for 
associated with the 2.31 so far no levels in any nucleus are known for wiich the | 
Mev state of N/4 is isobaric spin differs by more than one unit from the | | 
missing; it should have isobaric spin of tne ground state. 
an energy of 1.82 Mev. The rule concerning nuclei with equal numbers of | 
protons and neutrons (T, = 0) is more restrictive. Here | 
only transitions with AT = £1 are allowed for electric dipole emission (EF] trans- | 


itions) * 


For AT = 0 the probability is reduced by a factor of about (A/R)4 where A is 


the wavelength of the J-rays and R is the radius of the nucleus,?! Thus_in the case 
of A = 20 and hW¥= 1 Mev the probability is decreased about 3004 we 8°10! times. 
ee wee | 
*We remind the reader that El (electric dipole) type transitions comprise 
transitions in which the total momentum chanves by V or 1 and the parity is 


altered; 0 —» 0 transitions are excluded. 


A number of instances of the operation of this selection rule have been ob-— 
served experimentally. The corresponding {lines are either greatly weakened or 
vanish altogether, It is not clear, however, whether any persisting intensity is 
connected with the fact that El transitions are not entirely forbidden or with the 
ambiguity ("non-uniqueness" ) of the isobaric spin values of the given states. 


nl4 


The 8.06 Mev state of N!4 (Fig. 15) is apparently of 
the -l type {spin one; parity odd_/. It is formed as a 
result of radiative capture, by the c13(p, 7)Nn14 reaction, 
at a proton energy of 554 kev. 8 The great width of the 
proton resonance (32 kev) 69 and the isotropy of the Y-radi- 
ation?9 indicate capture of protons with zero orbital 
angular momentum and hence that the 8.06 Mev state of N 
is of the -0 or -1l ype (the parity and spin assignment for 
the ground state of C43 is - 4). Inasmuch as there is a4 
definite if weak Y-transition to tne 2.31 Mev level of N 
belonging to the +0 type, it follows that the -0 assignment 
for the 8.06 Mev level of N14 is excluded and only -1l re- 
mains. 

This state of N14 is apparently similar to the 6.093 
Mev excited state of C!4, The state should presumably lie 
at 2.31 + 6.093 = 8.40 Mev, but in nuclei with a large value 
of Z,;similar levels, as a rule, have a reduced energy. In 
any case Nl4 exhibits no other states in the 8.14 to 7.69 
Mev interval. If, therefore, the N14 8,06 Mev and cl4 
6.093 Mev states are similar states, the former should have 

T = 1 inasmuch as the latter undoubtedly has T = 1 (it has 

Fig. 15. Gamma- T, = 1 and is obtained by the C13(d,p)cl4 


reaction). 
transitions from The 8.06 Mev state of N14 decays by Y—-emission; direct 
the 8.06 Mev state and cascade transitions to the ground level produce ¥—-rays 
of N14, with hy] = 8.03+0.08, ho = 5.8110.25, hig = 4.1, hv4 = 


= 2,340.4 and h)s5 = 1.6 Mev (Refs. 68, 71 & 72) (see Fig. 15). 


The 8.06 Mev — O Mev, 8.06 Mev —> 2.31 Mev and 8.06 Mev —> 3.9 Mev transitions are 
all El, but the first and third occur between levels with T = 1 and T = 0 and hence 
are not forbidden; the second is between two levels with T = 1 and consequently is 
forbidden by the selection rules for isobaric spin, 

Actually this transition is so weak that there is no mention of it in the last 
reference itd. although the hy = 8.03 and hy= 4.1 Mev lines were clearly dis- 
tinguished in this investigation. i‘ . ne 

It may be noted that in the case of C+* there is known to be a transition 
between the 6.093 Mev state and the ground state of ci4, wiich states are similar, 
respectively, to tie 8.06 and 2.31 Mev states of Nl4, iiere the transition is also 
between states with T = 1 and is an electric dipole transition; however, since the 
cl4 nucleus has unequal numbers of protons and neutrons, tie Y-emission, forbidden 
for the N14 nucleus, is not forbidden for the C 4 nucleus. Both Thomas ae 
Lauritsen’? and Baggett and Bame’4 report observing this transition in cl4, the 
latter also observed tie internal conversion positrons emitted in this transition 
and found that tne number of these is consistent with an E] transition, although 
the possibility of it being E2 or Ml is not wholly excluded. 


gl6 


The energies and quantum characteristics of the ground state and Rie first 

four excited states of 016 are indicated in Fig. 16. ‘Tne values are taken from 
° ho n 5 - ~ ie a) - rs " = 
the survey by Ajzenberg and Lauritsen.%- All these states have T = 0; the lowest 
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level of 0/6 having T = 1 lies at 12.51 Mev?® (it is 
Similar to the ground state of yi6). All the excited 


states can lose energy only by Y-emission or con- 
version, 


this familiar state, which has an excitation energy of 

7.116 Mev, is obtained as w result of the F!9( p, x01 

reaction!9® or through @ -decay of N16(Refs. 76 & 77) 
It is the source of four Y-lines: 


773. hy} 


= 7.2116 Mev - 1 +»>+0 El, 
Yo: hvo = 1.061 Mev - 1 —>+0 El. 
%3: hyg = 0.979 Mev -l—+- 3 Be 
74: HY, = 0.203 Mev - l—+#+2 El. 


The first line is well-known’®8; the last has a 
low energy and must be relatively weak. 

Let us assume that we have 0!6 appropriately ex-— 
cited to the 7.116 Mev state. If the isobaric spin 


Fig. 16. -transitions selection rule was strict, the three lines ¥}, Yo and 
between the lower excited Yq would be entirely forbidden and the whole discharge 
states of 016, would take place through the cascade starting with ¥. 


By measuring the intensity ratios 1j/%3, %/%3 and 
%4/%3 one can evaluate the degree of forbiddenness. 

Wilkinson and Jones’9 excited the 7.116 Mev state of 016 by the resonance 
method, using the F19(p,a)016 reaction, and studied the resultant y-ray spectrum 
by means of a luminescent NaI(Tl) crystal. Not only was the "forbidden" Y, line 
clearly visible, but the investigators could not detect the allowed ¥3 line. In 
view of the sensitivity of the detectors used they concluded that 1/73 heey 

Evaluating the relative probabilities of the Y3 and ¥) lines according to 
Weisskopf's equations for the single particle model, we get 


Vp e, 4-10" 

It follows that the "forbidding" of tie La line by the isobaric selection 
rule could not reduce its intensity by a factor exceeding 2.4°10'/120 = SLO, 

If the residuai intensity of the Vy line is ascribed to an admixture of a 
state with T = 1 (transitions from which are not forbidden), the vaiue of d(1) 
adequate to explain the above results equals (2-105)-2 = 0.2%. It must be recalled 
however that tne isobaric selection ruie does not completely bar El transitions. 


We turn next to the 6.913 Mev state of 016, Transitions from this level can 
give rise to the following lines: 


bo 


—»> + 0) E2, 
matey Ad aD). ag, 
ny Se 3 Hil. 


re hys = 6.913 Mev a 
¥6: hvg = 0.858 Mev + 
¥7s hy7 = 0.776 Mev + 


fo fo 


The isobaric spin selection rule forbids only the ¥7 line transition, Ex- 
periments carried out by Wilkinson and Jones’9 indicate that 15/17 > 200. 

If not forbidden by isobaric spin considerations, the Ys line should show 
one sixth the intensity of the 77 line. Thus the isobaric "prohibition" weakens 
the intensity of the 7%5(E1) line by a factor of over 1200. This also means that 
the admixture of states with T = 1, for which corresponding transitions are not 
forbidden, does not exceed 120072 % 3% in amplitude for both the discussed states 
of 016, 


Let us examine the highest state shown in Fig. 16: 
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9.  Isobaric Spin and the Excitation of Nuclei by 7-Rays 


The processes of Y-emission and excitation of nuclei by Y-rays are inter- 
related. Where a given 7-emission is forbidden, the corresponding excitation is 
also. forbidden. Isobaric selection rules which do not restrict Y-emission from 
light nuclei, with the exception of yMe4 nuclei, naturally do not limit photo- 
excitation of all types of nuclei, except yM@2. lence in this section we will 
consider only puet nuclei, for which one may expect to find a number of "isobaric" 
anomalies. 

The ground states of light (A < 20) nuclei of the 7M?2 type all have T = 0. 

By irradiating nuclei of this type with 7-rays with an energy hv one can ex- 
pect to excite states having an excitation energy inferior to hy. If a continuous 
spectrum is used for irradiation, the actual excitation is produced by a narrow 
spectral band, the width of which corresponds to the partial width of the ¥-quanta 
emission of the same energy after excitation. 

Electric dipole emission is the "fastest"; its emission time is the shortest, 
its radiation width, the greatest. Consequently the probability of excitation by 
a continuous Y-ray spectrum is the highest in the case when El transitions are pos-— 
sible. However, when in a 7M2Z type nucleus there exist, among the levels with 
T = 0 and E* « hy, one or more states for which the transition to the ground state 
belongs to the El type, the excitation of such states will be restricted by the 
operation of the isobaric selection rule (iee., the probability of their excita- 
tion is decreased approximately in proportion to the ratio of the probabilities 
of El to M2 emissions). 

Hence if the energy hv is insufficient to excite the first level with T = l, 
the excitations of the nucleus will occur in accordance with the probabilities of 
E2, Ml, M2, etc. type transitions (depending on the specific quantum character- 
istics of the levels with E* <= hy. 

If the upper bound of the Y-ray spectrum is raised, there comes a point where 
the first level with T = 1 is reached. If the spin and parity of this level are 
such that transitions from it to the ground level are of the El type, there should 
at this point be observed a sharp rise in the probability of excitation (in ac- 
cordance with the shape of the continuous 7-spectrum near its end point). 

On the other hand, if the spin and parity of the first state with T = 1 are 
such as to forbid El transitions, the excitations will be correspondingly less 
intense. This will continue as the spectrum limit is raised until a level with 
T = 1 to which El transitions from a lower level are allowed, when the intensity 
of excitations will increase sharply. 

By way of example, let us examine the N14 nucleus. The ground state has T = . 
= 0 and J = tl; the sought state that can be excited by electric dipole absorption | 
must have T = 1 and J = -0, -l or 2. 

The numerous states of ni4 with T = 0 and the well-known 2.31 Mev state 
having T = 1 and J = +0 do not meet these requirements. Apparently the first state |) 
to meet them is the 8.06 Mev state of N14 for which T = 1 and J = -l. Hence in- H 
tensive excitation of N 4 should begin with hv>8.06 Mev. . 

It should be noted that in nuclei of the cle, 016 anda N20 type the first T = i) 
1 level lies above 10 Mev (see Table 6), while in nuclei of the Li6, Bel®, nid i 
and F18 type it lies appreciably below 10 Mev. Consequently excitation of nuclei ! 
of the latter type by hard Y7-radiation (for example, 17.6 Mev Y-rays should be i 


more intense. ih 


(7¥,n) and (7,t) reactions il 


Peaslee and Telegdi80 called attention to the fact that the isobaric spin of 
a number of states could be determined through comparison of the (¥,n) and (7,t) 


reactions. 


ee eee 
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The case of N!© can serve as an example (see Fig. 
17). In its ground state, as was noted above, the N15 
nucleus has T = 4. 

Among the numerous excited levels of N15, some 
have T = 1/2, others have T = 3/2; both the former and 
the latter can be excited by Y-radiation. In the case 
of resonance excitation of the former, both the nN15*_, 
— N14 4 n and NIS* -» cl2 + t processes may occur; 
the N14 and Cl2 nuclei are found to be in the ground 
state or in one of the excited states with T = 0 or 
T = 1. In the case of resonance excitation of N15* 
to levels with T = a/2. the above gamma-induced 
processes can take place only when the product nucleus 
arrives at a state with T = 1. In the case of nl4, 
the state with T = 1 is low-lying (2.31 Mev), while in 
the case of C12 it is a high-lying state (15.09 Mev). 

Whence it may be concluded that if both the (7,n) 
and the (7,t) reactions occur at excitation energies 


7 
2 under 30 Mev the initial level of N15* has T = 1/2, 
ys | while if only the (7,n) reaction takes place, the level 
in question has T = 3/2. 
Fig. 17. n15( 7,n) and A similar analysis can be carried out for the ii 


NLS (7,t) reactions pas- B11 and FY nuclei. 

sing through excited ; a oe ; 
states of N15 having T=$ 10. Isobaric Spin and Photodisintegration 
and T=3/2. Level loca- 


tions shown are tentative. The (%,%) reaction with 


w-particle nuclei: Cl2, O1€, Ne20, etc. 

Irradiation of nuclei of the cle, 016 and Ne29 type by a continuous hard 7- 
ray spectrum results in the formation of various excited states of these nuclei. 
Many of these states in decaying are capable of emitting an Q-particle. We must 
distinguish between the following (7,%) reactions: 

a) The "allowed" dipole reaction when the initial nucleus absorbs the electro- 
magnetic wave as an electric dipole (El excitation) and then emits an a-particle 
without violating the isobaric selection rules. 

b) The forbidden dipole reuction when the initial nucleus undergoes dipole 
excitation but cannot emit an d-particle without violating the isobaric selection 


rule. 
c) Other reactions in which the nucleus absorbs a wave of higher multiplicity 


than El (for example, E2, Ml, M2, etc.). 
The (7,&) reaction proceeds with particularly high intensity when the Y-ray 
energy is high enough to produce allowed dissociations of type a); it still occurs, 


however, when type a) dissociations are barred but the b) and c) reactions are pos- 


sible. 
In view of the fact that the nuclei in question have Tz = 0, the special rule 


of Table 5 is applicable: T = +1 for El and T = 0, +1 for other multipoles. 

Inasmuch as the ground state of these nuclei has T = 0 and J = +0, dipole ex- 
citation is possible only for states with T = l and J = -l. However, that a state 
with T = 1 and J = -1 be attainable is a necessary but in itself not sufficient 
condition for the dipole reaction to be "allowed": the formed state must also be 
able to disintegrate into an X=particle and a product nucleus with T =}, since 
only this disintegration is allowed by the isobaric selection rules. jE 

If there is excited such a state with T = 1 and J = -1 that after emission of 
the &particle the product nucleus can reach only states with T #1, the decay 
can occur only in violation of the isobaric selection rules. 


7 


By way of example, let us examine the C!2(7,«)iie% reactio oar y 
this reaction has been studied by a number of inve t : by me, 
nuclear emulsions; when the incident Y-radiation is sufficient lard i 
show the tracks of three Q-particles, emitted in the (%.¢) reaction \ the sub i 
sequent disintegration of be, iil 
The energy threshold of the reaction for the ground state of Be& is hy - 7.4 il 
Mev. 
The cross section of the reaction up to hy = 15 Mev is small (S = 30 Mbarns): 
the cross section showa first maximum at |&8 Me. (So = 130 «barns) and a second 
Maximum at hy = 27—31 Mev (© = 200 @barns), ufter which the cross section falls 
off rapidly (Fig. 18).87 & 88 


The initial section of the curve and the first peak relate to the excitation 


of the numerous levels of Cl2 lying in the 7.4 to 20 Mev intervul (Fie. 19). 
a 


ost 
of these levels have T = 1 and are excited by E2, Ml or M2 transitions, which are 
not forbidden by the isobaric selection rules. These states decay with the emis-— 
sion of an A=—particle to the ground or first excited state (3.0 Mev) of Be (for 
both states T = 0). The energy distribution of the &=-particles indicates that at 
the first maximum the decay leads primarily to the 3.0 Mev state of Be, 
: es ae The fact that cl2 has a first level with 
ope | | L | | | T = 1 at 15.09 Mev is not reflected in the cross 
| a | / section curve for the reaction, since the dis- 
200 a oan nes itl \ he ah sociation of this state into @+-Be® is, in 
| | ag ; principle, forbidden; furthermore this level of 
Ee | \A | a cl2 is probably +l and hence is not excited by 
E pe ee y, a | dipole transitions. The same argument applies 
& 100;\—-——_+, 7f ria ——— to the next T = 1 level of cle, having an energy 
g if t i * \ | of 16.1 Mev and a parity and spin of +2. Iow- 
oy ys \ | \ ever, higher up, in the 17 to 25 Mev excitation 
re re h energy interval, there must be a number of 


al 2. ree TE ee states with T = 1 and at least one of them must 
% be of the -l type (i.e., attainable by dipole 
excitation), but as noted above, the “+ Le? 

Fig. 18. Variation of c12\ ¥,a) Bee dissociation (T = 0) can occur only due to ambi- 
cross section with Y-ray energy. guity ("non-uniqueness") of the isobaric spin. 

’ The situation should change radically at 
hy >24.4 Mev when dipole excitation of T = 1 levels of cl2 capable of decaying, 
by X-emission, to the first state of Be8 with T = 1 (excitation energy: 17.0 Mev) 
becomes possible. The rapid rise of the cross section curve (Fig. 18) after the 
24.4 Mev point is doubtless due to the inception of this "allowed" process. 

Wilkins and Goward8? showed that most of the disintegration at hy = 26 Mev 
do actually lead to the formation of the 16.9t0.3 Mev state of Be®*. Gell-Mann 
and Telegdi®? and Wilkinson48 note that such disintegrations amount to 95% of the 
total number observed. 

It should be noted that the isobaric spin rule forbids disintegration of the 
16.9 Mev state of Be® (fT = 1) with the emission of two 4-particles (T = 0). This 
process does occur to some extent, apparently due to the ambiguity ("non-unique- 
ness") of the isobaric spin value for this state. Decay of this state by the 
ejection of a neutron or proton is energetically impossible. Hence, the only 
competing processes are Y-emission and &-decay; the level should be anomalously i 
narrow. | 

Thus we see that the isobaric selection rule forbids all the sta es of the 
cl2, y—s> cl2* —»a+ Be8* — 30 reaction, just as it bars the direct C*“4+7 —> 
— cl2*-4 34 reaction for dipole absorption. a . | 

Let us turn back, for a moment, to the first peak in the C°-(7%,%) cross 1 
section curve situated in the 15-19 Mev region. It is not known whether the re- : 
action here comprises an %-decay forbidden ae isobaric selection rules or high | 
multipolarity excitations of some levels of Cc". However, ec’ that this maxis 
mum coincides with the energy levels of the first states of C with T = 1 suggests 
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Fig.19. Scheme of C1l2(7,0) BeS5—3a 
reaction. Light lines indicate 
states with T = 0; heavy lines, 
states with T = 1. The T = 0 
states are excited with a multi- 
polarity above El but can yield 
a+ Be8, States in the 15-20 Mev 
interval with T = 1 can be ex- 
cited by El type absorption but 
cannot decay into + Be®, Only 
states of cl2 with T = 1, J=-l 
and E* > 24.4 Mev (hatched band) 
can be attained by El absorption 
and rag anata into & + Be® 
Ta ijs 


be followed by a cascade of allowed Q-disintegrations, terminating in the forbidden 


16.9 Mev BeS —» 2a dissociation. 


The (¥,%) reaction with "deuteron" nuclei: Li6, B19 and N’ i 
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that the fact that dipole excitation is pos- 
Sible leads to the relatively frequent forma- 
tion of these states and that their d-decay, 
although forbidden to some degree does compete 
successfully with tne &-decay of the states of — 
cl2 excited by E2 and Ml type absorption. As Ih 
the excitation energy is increased, states of 
cl2 with T = 1 should be encountered with in- Ki 
creasing frequency; at the same time, however, ol 
neutron and proton ejection processes should » i 
also begin to compete more successfully with 
particle emission, 

The 016(7,a) reaction is in many respects { 
similar to the one we have just discussed. The 
reaction threshold lies at 7.1 Mev, but the i 
probability of the reaction at Y-quanta energies Hy) 
under 20 Mev is low. It does not increase to i 
any noticeable extent even at the point where | ot 
the first state of 0/6 with T = 1, located at : ot 
12.5-13.0 Mev (analogous to the ground state | 
of N16), might be excited. | 

The allowed (%,&) reaction induced by \ 
electric dipole absorption is possible only for . I 
the state of 01% (T = 1) that can dissociate | 
into anQ-—particle and cl2* in the lowest state 
With T-=» 1: the 15.2-Mev state. Tius the ef- 
fective threshold of the allowed o16(¥,a) re- 
action is 7.1.4 15.2 ={ 22,9 Mev.—bnt the ta.2 
Mev state of cl2 forming in this case disinte- | 
grates into an @-particle and Be® only in vio- | 
lation of the isobaric selection rule. 

In the case of irradiation of the heavier 
"a-particle'' nuclei — Ne29, Me24, Si28 and 
g32 — with sufficiently hard Y-ravs one might | i 
venture to predict the emission of distinctiv: | i 
cascades of A-particles, leading to the ap- 
pearance of QAstars in the nuclear emulsion, | 

A dipole absorption of a Y-quantum should 


1( 14 


ii 
i 
In nuclei of the Lif, Po and nl4 group electric dipole excitution can tak \ 
place at comparatively weak Y-ray energies since the system of levels with T = 1 i 
in these nuclei begins at lower energies, Here, too, however, realization of an | 
allowed (Y¥,@) reaction is contingent upon the product nucleus attaining a level | 
with T = 1. This condition leads to high threshold energy values for the all 
reactions: about 8.0 Mev for B10 and 23.3 for wi4, In so highly excited a sta 
these nuclei are capable of ejecting protons N14 cun also emit neutrons and even 
deuterons); these competing processes, of course, reduce tlie probability 
(¥,&) reaction. . 
The case of Li?’ is of particular interest. Here the gamma t\lpha reaction 
assumes the form LiO(y,%)d. For an excited state ol Li’ to disintegrate into 
a+d it must have T = 0 (a and d do not have states with T = 1), but electric d1 


pole excitation of such a state is forbidden by the 1s Lr ke lection ru 


Thus the LiS(y, ad reaction must proceed either through £2, Ml or M2 excitations, 
by virtue of incomplete prohibition of the £l excitation or due to an admixture 
of isobaric spin values ("non-uniqueness" of the isobaric spin). Actually the 
~Li8(Y,a)d reaction is observed, but ihas an abnormally small cross section: G < 8+2 
Hbarns at hv = 2.76 Mev, S < 643 barns at hy = 6.3 Mev and © = 543 Poarns at hY = 
= 17.6 Mev.99 Por purposes of comparison we note that the cross sections of the 
Lil (7 Y)t reaction are 26+] Mbarns at hy = 6.1 Mev and 120260 Mbarns at hv = 17.6 
Mev. 91 Thus the inhibiting effect of the isobaric spin selection rules is very 


clearly manifested in this case. 


The (¥,d) reaction 


_The conditions necessary for tne realization of electric dipole disintegra- 
tions in the case of the (¥%,d) reaction are tie same as in tie case of the (7,x) 
reaction, the difference being that the reaction thresholds are lower. 

Thus for plo, nid, cl2 and 016 the thresholds lie in the neighborhood of 
22-27 Mev. There are virtually no experimental data on the (¥,d) reaction with 
these nuclides available. 

The He4(7,d)d reaction — the dissociation of alpha-particles into two 
deuterons — may occur witn electric dipole absorption since in this case only 
states having T = 1 are formed which is in conformity with the isobaric selection 
rules. 


ll. Various Problems Connected with Isobaric Spin 


The existence of di-neutrons 


The problem of whether di-neutrons exist has long attracted the attention of 
physicists. Despite persistent efforts no one has yet succeeded in detecting these 
particles in nuclear reactions at low energies or in the fission of heavy nuclei. 

Zhdanov, Lukirski and SokolovaY? found that two 
neutrons are emitted "as though together" from Be? in the 


studying the Y-ray spectrum from the 7 +d=en+n+y 
reaction, also found that two neutrons are often emitted 
as though together. Of course, these observations do not 
prove the existence of di-neutrons: there must necessari- 
ly be correlation of the directions of emergence of the | 
neutrons even if the forces acting between them do not 
VIE: produce a coupled condition, 
He Hence the question of the existence of the di- 
- Fig. 20 - neutron still remains open. The isobaric spin concept 
permits a new approach to the problem. Let us consider 
the diagram of Fig. 29. 
The ground states of the di-neutron and di-proton must have T, = 1 and, con- 
sequently, T = 1. In accordance with the Pauli principle they must have spin zero. 


Hence they cannot be similar to the ground state of the deuteron for which the 


“NY 


assignment is J = +1 and T = 0. They should, rather, be similar to the singlet 


state of the deuteron, having J = +0 and T = 1, and form an isobaric triplet with 


it. However, the deuteron singlet state is not just unstable; it is non-existent, 


or what may be termed a virtual state. (The last term is used here in the sense 


characterizing the nature of the forces acting between neutrons and protons: n=-p 


scattering and other properties of the n-p system can be accurately described with 
the aid of certain parameters, commonly ascribed to virtual levels.) 

However, for the purposes of our argument, we need only accept that the 
singlet state of the deuteron is unstable. Granted equality of the n-n and n-p 


| 


a capture of a negative meson. Panofsky, Aamodt and Hadley46, 


if 


forces and equality of the n and p masses, the properties of the di-neutron and 
of the singlet state of the deuteron Should be identical. Hence, in the case of 
_ rigorous charge independence of nuclear forces the di-neutron must also be un- 
Stable, “ 

Electrostatic energy does not come into the picture and any difference be- 
tween the neutron and proton masses would only heighten the instability of the 
di-neutron, 

The above argument also largely applies to the di-proton . However, Landau 
and Smorodinski point out that the instability of the hypothetical di-proton can 
be established directly from experimental data on proton-proton scattering, 


“ITsobaric isomerism" 
eee eC 1 S80mMerism” 


The existence of isobaric selection rules for Y-emission can lead to what 
may be called "isobaric isomerism": in certain cases, the lifetime of an excited 
state may be extraordinarily long although the absolute values of the conversion 
coefficients (XX, Xz, etc.) and of the relative coefficients (K/L or L/M) as- 
sociated with the change of Parity and ordinary spin may not indicate a high degree 
of forbiddenness for the transition. Such isomerism may occur a) in any nucleus 
when a low-lying excited level and the ground level have very dissimilar values 
of T or b) in nuclei with Tz = 0 if the low-lying level as well as the ground level 
has T = 0, 

By way of illustration of the difficulties which may arise because of "iso- 
baric isomerism", let us examine the case of the isomeric state of C134, Judging 
from the energy of the transition (hy = 0.139 Mev) and the half-life (T = 33.2 
minutes) in the case of ordinary isomerism this transition may be identified as 
M3. However, in view of the possibility of "isobaric isomerism" we cannot make 
an unambiguous identification solely on the basis of the above data: this can be 
a conventional M3 transition between states with near values of T, but it can also 
be an isobaric-isomeric transition of the type El between two states with T = 0. 
Unique assignment can be made only on the basis of careful measurements of the 
conversion coefficients. In the case of C134 this actually is an M3 transition, 


On the (d,pn) reaction 


The (d, pn) reaction can compete with the (d,d') reaction, leaving the tarset 
nucleus in the ground state as well as in the excited states. 

Observation of the (d,pn) reaction is hampered by the fact that the product 
particles have a continuous spectrum: observations relating to the threshold 
energies for the excitation of a given level cannot be made with a convincing 
degree of accuracy, for the threshold of tine A(d,d')A* reaction lies appreciably 
lower than the threshold of the A(d,pn)A* reaction and when the latter first be- 
comes possible, the former already proceeds with high intensity. Actually at 
present we have no reliable information on the extent to which the (d,d') and 
(d, pn) reactions compete. 

; We can, however, invoke the isobaric selection rule to investigate the 
_ problem. 


The B19(da,d') 1.74 Mev B19 and nN14(a,d') 2,31 Mev N14 reactions, as we know, 
are forbidden, but the corresponding (d,pn) reactions are not, 
Consider the following experiment. We have an N14 target bombarded with 
deuterons, the energy of which is gradually increased. Near the target we ha 
@® gamma-spectrometer adjusted to record 7-lines in the 1 to 4 Mev interval. 
Until the deuteron energy is raised to 2.64 Mev, the 2.31 Mev level 
cannot be excited; hence the hy = 2.31 Mev line cannot appear and only the 9 
from the competing Cre (d,n) and (d,@) reactions will be observed, 


2.64 to 4.51 Mev deuteron energy interval the hv¥Y = 2.31 Mey Y-1 cant 
because the (d,d') reaction is forbidden, It will show | Ly when t 


energy reaches 4.51 Mev and the 3.95 Mev level of Ni4 is excited, Up to 5.49 Mev, 
when the next (4.80 Mev) level of NI4 begins to be excited, the relative in- 
tensities of the hy = 1.6, 2.31 and 3.95 Mev lines should remain constant since 
they are all related to the decay of the 3.95 Mev state of ni4, excited by (d,d') 
scattering. vf 

If the (d, pn) reaction does exist, then Starting with a deuteron energy of 
519 Mev, the 2.31 Mev level of N14 should be excited by this reaction and the 
intensity of the hY = 2.31 Mev line should begin to increase relative to the in- 
tensities of the 1.6 and 3.95 Mev lines. Thus, observation of the relative in- 
tensities of the V-lines should provide an index to the probability of (d,pn) 
processes, In practice the outlined experiment will be hampered by the fact that 
the experimental energy interval is rather narrow and by the not unlikely presence 
of a background due to competing reactions; to minimize the obscuring effect of 
the background the spectrometer used must have a high resolution, 

It is possible that an experiment of this type can be carried out more easily 
with a target of Li®: the 3.58 Mev level of Li® cannot be excited by the (d,d') 
reaction but can be excited by the (d, pn) reaction. However we have no inf orma- 
tion of the levels of Li® above 3.58 Mev, hence it is difficult to predict how 
the hy = 3.58 Mev 7-line will be excited. 


12. The Isobaric Spin of Mesons and Light Particles 


The usefulness of the isobaric spin concept where nucleons and nuclei are 
concerned has prompted a number of attempts to generalize and extend it to include 
other particles. A detailed examination of the isobaric spins of mesons and light 
particles lies outside the scope of this survey, hence we will merely outline the 
present status of the problem. 

Extension of the isobaric spin concept to Tf mesons appears to offer the 
greatest promise. Three kinds of mesons are known: 1, To ene ae 

All three have almost the same mass ( 17 = 276.1+1.3 my I3&46, 77° _ 96543 m, 46 
and 7 = 277.4*1.1 mo 93&94) and apparently all have spin zero; for the 7° this 
follows from the fact that it disintegrates into two photonsY9; for the tt, from 
the reaction q+ +d = p+ p99, 

Apparently all 7 mesons have odd wave functions ("pseudo-scalar particles") ,97 
There are no known facts conflicting with the hypothesis that all three 
mesons are simply different-charged states of the same particle (just as neutrons 

and protons may be assumed to be different states of the same nucleon — see 
Section 4 above). All mesons interact strongly with nuclei; at sufficiently 
high energies this interaction is not electromagnetic in character. 

Experiments indicate that the probabilities of the formation ETT Beene roe 
hard %-quanta and fast nucleons are nearly identical for all three mesons® ‘ “ 

It may be assumed that the specifically meson forces in the interaction of 
ail three T mesons with any given nucleon or nucleus are equal. ‘This together 
with the equality of their masses is sufficient to permit assigning isobaric spins 
to the three mesons (essentially, we require no more in assigning definite values 
of isobaric spin to atomic nuclei). . 

It would seem logical to assign all “ff mesons an isobaric spin T = l, and third 
components T, = -l, 0 and +l, respectively, to the q-, 7° and 7; mesons (the + and 
- sign assignments are a matter of convention). On the basis of this assumption 
the isobaric spin selection rules listed in Table 5 should be applicable to re- 
actions involving only mesons and nuclei or nucleons. 

There have also been a number of attempts to assign isobaric spin values to 
Mand t mesons, electrons, positrons and the neutrino. However, we will not dwell 
on such speculations here, since so far they offer no promise of deductions of 
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INVESTIGATION OF sTHE RADIATION OF ar? + Nb?°* 


by P, P, Zarubin 
bee Introduction 
Swine ae 


Investigations ot the rudiation of Zr?? and Nb?? Carried out 
earlier with gr95 , Nb99 Compound specimens aS well as with zr95 and 
Nb cOupounds Separately, showed that Zr95 transforms into NbY9 by 
pee Np Lex By-decay Scheme. Nb9S which in addition to the ground 
State has an isomer State, is also uUnSteble and decays to Mo99, The 
decay proceeds to one of the excited ievels of Mo9S | with Subsequent 
7-emission and internal conversion teading to the sround level of yo95. 

The WosSt accurate values of the half-lives of zr95 and Nb95S were 
Obtained by Cork et ai2, who continued their measurements on Zr95 over 
@ period of a4 full year and who Separated the Nb99 chemically from the 


Z2rve, According to these authors, the hubf—-lives of gzyr95 and Nb9°5 are 
652+1 and 35 +.0.5 days, respectively. 
The half-life of NbY°* was “ppurentiy best determined by Sldtis 


und Zappa’. Their Value of the half-life (84 + 2 hours) agrees well 
With the average. of the. valiie based on the work Of earlier investiga- 
tors. ps 

The main outlines of the zr95_, NbYS _, Wo 9 decay schene were 
estubiished wpout i945 by Levinger, Nedzeil, Brady, et al4-6, This 
Scheme is Shown in Fig, la. A Somewhat more complex scheme Was pro- 
posed by Shpinei? in 195] (see Fig. lb). z 

At the time we Started our investigation of zr9° and Nb99 the fot= 
4OWing points in connection with the decay scheme of these isotopes 
were still in need of Clarification: 

1) There was no information on the intensity of the 720-730 kev 
Y- radiation, and consequentiy, the Chauructeristics of the correspond- 
ing excitiution level of Nb? Could be deduced Only from B--decay data. 

2) It was not Clear in what Way the 910-930 key Y- rays discovered 
by Mandeville in 19488 und by Nedzel, who qualifies them as "doubtful", 
in 1944 (published in 19489) are «SSocl.ated with the decuy of Zr95 or 
Nb9°9, 

3) There existed « certain dispersion of the vaiues of the end- 
point energies of ail B--transformations wnd, Particularly, of the end- 
point energy of the hard B°-spectrum of zr95 (840-1100 kev) obtained 
in spectrographic me€uSurements. 

4) It was necessary to verify the existence of 4 Partial B--spect- 
rum of gr99 with «n end point energy of «about 600 kev, reported by 
Shpinel / (but by none of the preceding investigators) and, consequently, 
it was necessary to resolve the Problem of which decay scheme was cor- 
lt 

The program of our investigation WaS, therefore, planned primarily 
for the purpose of elucidating these doubtfu] points. 

Our investigation was Carried out on the "ROT YOn'* 8 transverse 
magnetic field 8-spectroneter With improved electron focusing, uchieved 
by making the magnetic fieig inhomogeneous in one direction: 

* The present article takes into uccount the data of Ref. Lg Which Was 
‘published ufter the 1954 Peavention’ (1.6. Subsequent to the Initial 
presentation of this paper). 
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Fig. 1. Decay schemes for Zr?" and Nb?°: a) according to 
Levinger, Nedzel, Brady et al4-6 and b) according to Sapinel’, 


2. Description of the Instrument 


erat ty teateae of the type mentioned above have already been 
described!¥,11 The ketron, which we used for our investigution of 
Zr99 4 Nb9°, was constructed and put into operation in 195i at the 
Radium Institute und has the foliowing basic purumeters: the radius 
-@- of the principal trujectory, i.e., the path in a homogeneous 
field, is 11 cm; the angle of the horizontal divergence f = 30° while 
the angle of vertical divergence € = +3°. 

To obtain the theoretically prescribed twugnetic fieid distribu- 
tion, pole pieces were made of No. 3 steel. Each pole piece consisted 
of two bars: one, with a rectangular cross section to produce a homo- 
geneous field and the other an adjoining bar with trapezoidal cross 
section to produce the inhomogeneous component Of the, fisid. 

The current in the magnet windings is regulated and kept constant 
by a balancing circuit employing a PPTV-1 potentiometer with an accu 
racy of within 0.01-0.001%. 

An induction coii and a ballistic galvanometer with an accuracy 
of within 0.1% were used to make relative measurements of the tugnetic 
field for the purpose of insuring the theoretically required field 
distribution, to study the topography of the field, und also to cali- 
brate the instrument. 

The required bevel of the trapezoidai steel bar producing the in- 
homogeneous component of the magnetic fieid was established semi-em- 
pirically by successive planing of the bar three times. Relative 
measurements of the magnetic field showed that the distribution of the 
inhomogeneous field coincided with the theoretical distribution to 
within 0.1-0.2% over the entire working area. 

A study of the topography of the homogeneous magnetic field 
showed that homogeneity is maintained to within 0.1-0.2% over the en- 
tire working area. 

The meaSuring chamber is made of brass and measures 332 x 282 x 
x 72 mm. Inside the meaSuring chamber are the main frame with the 
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ss feasurement Conditions and Sources 
reat 


When meaSuring the radiation of zr99 
were detected with a Single counter. The entry slit of the counter 
chamber was sealed with an organic film having superficial density 
Of about 0.3 mg/cm2. This film transmitted electrons having energies 
from 13-14 kev. 


and Nb99 the electrons 


The test material, received by us 
ration, consisted of a solution of zirc 
active Zr’% mixed with radioactive nb992 
isomer of Nb95 was in radiozctive equilibr 

The radiation source was prepared by 
tion on an aluminum foil with a Superficia 
Rectangular strips having the most uniform 
matter were then cut out of the coated foil 
Surements was made using a source measuring 12 x 0.6 mm and having a 
Superficial density of 2-4 mg/cm2; the dimensions of the source used 
in the control measurements were 0.4 x 9 mm and its Superficial dens- 
ity was 0.5-0.8 mg/cm. 

The nominal resolution (i.e. resolution with an infinitely thin 
Source) for the main series of meaSurements was about 0.5%; the actual 
resolution was somewhat lower because of the finite thickness of the 
specimen. Thus, in the Vicinity of 200 kev, the resolution was about 
1%, while in the vicinity of 700 kev it was about 0.7%. 


three months after its prepa- 
Onium Salt and contained radio- 
Here, naturally, Only one 
ium with zr95, 

evaporating the above solu- 
Pdensi ty: of; 175 mg/cem2. 
distribution of active 

- The main series of mea-— 


4. The ®~-Spectrum of zr9° and Nb9° 
SN eet hak iach asis lls Annee eho ae Ma 


The 8~-spectrum of zr¥° + Nb99, plotted in terms of the values 
of N/He = f(H@), is shown in Fig. 2. Whether a particular portion of 
the spectrum is due to zirconium or niobium is determined from the 
half-lives of the isotopes. The rate of attenuation of the major part 
of the spectrum and most of the internal conversion lines corresponded 
to a half-life T™65 days. Only the portion of the spectrum 14 to 
~120 kev interval and the internal conversion lines in the vicinity 
of 740 kev faded at a slower rate than the one consistent with T = 65 
Coa ag These parts of the spectrum must be attributed to the ee of 
Nb9° that has not yet reached radioactive equilibrium with the zr%°9, 

The values of all points of the Spectrum have been reauced to 
the same measurement interval (that for the 14-169 kev interval) and 
corrected for absorption in the source itself and in the entry slit 
of the counter chamber. 

It will be noted from Fig. 2 that the B--spectrum is complex und 
comprises at least three components, the third (hard) component being 
appreciably weaker than the two softer components. 

Fig. 3 shows the kurie plot by means of which the compiex 87- 
spectrum was separated into its simple components. 

The Kurie plot for the high-energy region is redrawn to a larger 
scale in the right upper corner of the figure. It is impossible to 
draw a Single line through the experimentui points in the 400-1050 key 
range; a Slight but definite break occurs near the 900 kev point. 

Three possible explanations for the Shape oft the experimentil 
curve in the indicated region Sugzest themselves: 


1) There exists a2 spectrum component with an end-point energy 
Of 1130 kev which is not of the Fermi type; the khurie plots of spectra 
of this type dispiay a downward bulge in the region necr their end- 


point energy. 
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Pipe 2 


B™-spectrum and in- 
ternal conversion 
spectrum of zr95 4 

+ Nb95, On the right 
is an enlarged scale 
plot of the conver- 
Sion lines in the 700 
kev region (horizon- 
tal scale graduated 
in potentiometer read- 
ings. 
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Kurie plot for the 
B~-spectrum of Zr95 4 
lee + Nb9S, The diagram 
1 in the upper right 
, ieee corner shows a Kurie 
* plot of the hard end 
of the 8--spectrum 


°. (the solid dots cor- 
*e respond to points of 
= the Kurie plot of the 
NY eae spectrum obtained af- 
et Rit ter subtraction of 
Bice i the Bg component) . 
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2) There are present a component with an end-point energy of 900 
kev and one or more weak internal conversion lines in the 880-1050 kev 
interval; an approximate estimate of the possible intensity of a con- 
version line in this energy interval indicates that a pulse count of 
2-3 pulses per minute above the background rate at its maximum corres- 
ponds to Y-radiation having a multipolarity of at least 4. 

3) There are two components with end-point energies of 1130 kev 
and 900 kev. 
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in view so. the low intensity of this part of the spectrum it is 
difficult to determine which of the sugyested explanations 1s the 
true one; it may Well be that two or all tnree of tne possible fac- 
tors operate simultaneously. 

It must be noted that none of the possibilities contiicts with 
the decay scheme establisned on tne basis of the more intense com- 
ponents, in the light of an analysis of the probable nuclear trans- 
formations. Each of tne Suggested possibilities directly or indirect- 
ly implies the existence of a spectrum component with an end-point 
energy of 900 kev. In analyZing tne 6B -spectrum by means of the 
Kurie plot we assumed that the existence of tne 9U0 kev end-point 
energy component is definitely establisned and that a component with 
an 1130 end-point energy is probably present. 

The results of our analysis are Summarized in Table l. It will 
be seen that as regards the intensity the total contribution of both 
the hard components amounts to only a little over 1%. 


Tables st 


Values of the end-point energy, relative intensity and log ft of the 


components of the 3~-spectrun of Zr99 and NbY°. 


Relative 
Component Eep> kev intensity log ft 
‘he + 
By i622 5 5.08 
Bo 2b0 2-30 ii 6.91 
B3 364-258 53 6.74 
By 404 + 8 34 (PrN) 
Bs 900 + 30 0.9 9.89 
Be 1130 + 40 0.4 10.55 


a 


The large value of logft for these components indicates that 
they correspond to highly forbidden transformations. We could not 
investigate the form of these relatively weak components and there- 
fore subtracted them from the total spectrum as Fermi-type components. 

It must be noted that in view of the low relative intensity of 
these hard components this introduced virtually no distortion into 
the remaining part of the total spectrum. 

) An outstanding feature of the Kurie plot of the spectrum remain- 
ing after subtraction of these hard components is the break in the 
vicinity of 360 kev. There can be no doubt that this break is due 
to the presence of two components with close end-point energies. 

If we assume these are Fermi components, we find their end- 
point energies to be 404 + 8 and 364 + 8 kev and their relative in- 
tensities 34 and 53%, respectively. 

In the Kurie plot for the spectrum remaining after subtraction | 
of the Ba component there is a noticeable deviation of the experimental | 
points from a straignt line, beginning at about 260 kev. A number of 
reasons may be suggested for this deviation; 

1) The number of electrons in the low-energy region is in- 
creased by scattering, mainly in the source. However, comparison 
of the results of our measurements with those of measurements on 
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Other materials, made both with Our instrument and with the Lenin- 
Srad State University ketron, operating under Similar conditions 
(see, for example, the investigation of bus (7, reported in Ref. 12), 
Shows that in the energy range in question the excess of electrons 
due to scattering should not play an important part; the number of 
electrons produced by scattering in the given source becomes Signifi- 
cant only at energies below about 150 kev. 

2) One of the components (most probably 83) is not of the Fermi 
type. 

3) There exists another (B») component with an end-point energy 
of about 250 kev, which is emitted in a transformation leading to 
the 900 kev level of Nb95., 

4) There is a B~-transformation, with an end-point energy of 
250 kev, from the isomeric level of Nb95 to an excited level of Mo95 
at about 930 kev. 

The characteristics of the excited levels of Nb9°9, as determined 
from Y-radiation measurements, speak in favor of the last two alterna- 
tives. It is impossible, of course, to draw any definite conclusion 
regarding the form of any of these components, in view of the small 
number of experimental points available for this part of the spectrum 
(amounting to 10% of the overall length) as well as in view of the 
comparatively low intensity of tne components. © Consequently, we were 
forced to draw a Straight line through such experimental points as 
are in alignment (after subtraction Of the B. component). The rela- 
tive intensity of the 85 component (11%) made be regarded as the upper 
limit of the intensity 1) because distortion in the instrument is not 
fully eliminated, and 2) because the 8--transformation with the given 
end-point energy may Partially, if not entirely, be attributed to the 
Nb9° isomer. Furthermore, a slight (i.e. within the limits of the 
experimental error) change in the slope of the Kurie plot of the B3 
component results in a very appreciable (to 50%) change in the intens- 
ity of the 85 component. 

Finally, a straight line can be drawn through the points ob- 
tained after Subtracting the Bo component; this line Zlives an end- 
Point energy of 162 + 5 kev for the NbY9 Spectrum. The experimental 
points lie on or close to this line down to about 130 kev; below 
this point there is some divergence which may well be explained by 
the presence of scattered electrons and may, therefore, be expected, 
under our conditions of measurement. The form of the spectrum re- 
solved as described above is in agreement with the results of corre- 
lation experiments]3, the value of log ft (see Table 1), the charac- 
teristics of the ground state of Nb¥9° and of the excited state of 
Mo? and, lastly, the results of other authors Investigating the 
8~-spectrum of pure NbY° with thin sources (for example, see Ref. LA\s 


9. Comparison of the Results of Measurement of the 87~-spectrum 


A relatively large number Of investigations has been devoted 
to the 8~-spectra of Zr9° and Nb¥Y9. fhe results of these investiga- 
tions are summarized in Table 2. 

From an inspection of the table, it will be seen that approxi- 
mately one-third of the investigations were carried Out either with 
a Wilson cloud chamber or by means of the absorption metnod. The 
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dispersion of the end-point energy vaiues reported is very great 
(particularly tor the B34 and 35 Components), primarily OWlng to 
the inaccuracy inherent in the methods of determining these energies. 

Approximately two-thirds of the lnvestigations were carried 
Out on 8-spectrogruaphs of different types. Prior to 1935 Sspectro- 
metric meaSurements were made as a rule With instruments having a 
low resolution (5-8%) (Danish type spectrometers and magnetic lens 
Spectrographs employing relatively thick sources). Only Fan!4 in 
1952 used a twin lens B-spectrometer having a resolution of approxi- 
mately 2% and employing a source wita a Superficial density of 
0.05 mg/cm?. 

Unfortunately, analysis of the data of approximately half the 
investigations is rendered difficult by the fact that only the final 
results are given. 

On the whole, the results of Spectrometric investigations ac- 
complished before 1953 are in agreement as regards the number of 
separated components and the values of the end-point energy, with 
the exception of the energy of the Bs5 component and of some results 
reported by Shpinel?. 

Shpinel used a magnetic lens spectrometer with a resolution of 
9.0% as determined for the half width of the F-line of ThB. The super- 
ficial density of the source was 5.8 mg/cm”. Obviously the actual 
resolution with so thick a source was appreciably lower. Shpinel's 
separation of a weak Zr9° component with an end-point energy of 600 
kev was apparently erroneous; its "presence" was presumably due to 
radioactive contamination of the source or distortion in the instru- 
ment, for thiS component was not observed in any of the subsequent 
investigations made under Superior conditions. The component with 
an end-point energy of 365 kev separated by Shpinel corresponds as 
regards intensity with our B4 component; however, in the light of 
the decay scheme proposed by Shpinel himself, we have tentatively 
placed this component in the B3 column. 

Four spectrometric investigations of the B--spectra of zr99° 
and Nb95 were published in 1953. In two of these (Refs. 25 and 3) 
magnetic lens spectrometers were employed. The instrument used in 
the investigation of Ref. 3 had annular focusing. However, due to 9 
a high transmission factor and greater specimen thickness (2-6 mg/cm2) 
the resolution was reduced to 9-11%. Hence, the results of these 
two investigations are on a level with the results of spectrometric 
Studies carried out prior to 1953. 

In the other two investigations (Mittelman - Ref. 26 and Cork 
et al - Ref. 2) B-spectrometers with a high resolving power (1% or 
higher) were employed. This made it possible to separate the 8 
component of the Zr9° spectrum and to refine (Ref. 2) the values of 
the end-point energies of the other components. As previously noted, 
the investigation by Cork et al% is the most thorough and accurate 
to date. Our results, also obtained with a high resolving power, 
are in good agreement with the data of Cork et al, and in addition | 
furnish evidence of the possible presence of By and Bj components. 


- 253 - 


6. Internal Conversion Electron Spectra ot ZrY° and NbYIe 


and Nuclear Transformations in NbY° and MoYe 


Conversion electron’ lines and the corresponding 


nuciear transformations 


AS may be seen from Fig. 2 the internal conversion spectrum 
was found to consist of seven iines, bunched in two groups: two 


fully resolved lines in the vicinity of 2UU0 kev and o not compietely 


resolved lines in the 700-740 kev interval. The individual lines of 


the latter group were separated in the tolilowing manner. Tne Separa- 


tion procedure was based on the half-width and the form ot tne al- 
most fully resolved line at 704 kev. ‘This line as obtained in sev- 
eral series of botn the main and control (with thinner sources) 
measurements was carefully analyzed. 

In veiw of their proximity to this iine there was no danger 
of the other lines differing appreciably 1n form or width because 
of energy differences. The reference line was plotted in reiative 
coordinates: 


where N is the number of pulses and P is the indication of the po- 
tentiometer (tne subscript 9 in each case indicates the vaiue tor 
the line maximum). Using this plot and the known maxima tor the 
lines we could readily determine’N and P vaiues tor all the iines, 
i.e., carry out the desired separation (see Fig. 2). 

The connection between individual internal conversion lines 
and specific nuclear transformations in Nb or MO was established on 
the basis of the observed half-lives (decrease in line intensity 
with time), the data of other investigators studying Zr or Nb sepa- 
rately, and the values of the difference (K - L) for Zr, Nb and Mo 
listed in Table 3. 


Table 4 lists part of tne results of processing tne conversion 


line data. 


Tale 3 


Energy difference between the K- and L-lines for Zr, Nb and Mo _ 
Binding energy 


(kev) in the: ___Difference, keve= 
atom K-shell Eeshell [~h =b. | Ok uy 
Zr 18.00 2253 irtahSaaT eiae 
Nb 18.99 2.70 iCakG 229 re 
Mo 20.00 2.87 ee yee 


It should be noted that the lines in rows Nose. 2, <4 and 7 also 
comprise the unresolved M-lines; this is confirmed by analysis of 
the form of the lines of rows Nos. 2 and ts 


To determine the energy of the nuclear transformations, the bind- 
hell was added to the 


ing energy of the electron in the corresponding s 
energy of the conversion electron line. 


Table 4 


Energy, origin and intensity of conversion lines. Energy 


ot nuclear transformations 


| a Value of hv | Probable : . 
how Electron Shell & determined | energy of Intensity of 
No. enerpy, nuclide for the transi t- the conversion 


kev C involved line, kev ion, kev line Ne 


4-0,1)-10 | 
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AS may be seen from Col. 6 of Table 4, we established four 
nuclear transformations: two of Nb and one of Mo. In Col. 7 we 
list the intensities of the electron lines, n,, determined in the 
following manner: denoting the number of internal conversion elec- 
trons for the given line through Ng and the total number of 67- 
particles emitted by the nucleus through Na, we get n, = No/Ng - 

The value of n, was determined as the ratio of the conversion line 
area to the area of the total B~-spectrum of the given nucleus. 
The values of ng for the lines of rows Nos. 2 and 7 in Table 4 in- 
clude the value of n, tor the corresponding M-lines. 


Internal conversion coefficients Ay /Ay; types, multi- 
polarity and intensity of %-transitions 


Table 5 shows the results of processing the conversion spectrum 
data for the purpose of determining the changes in angular momentum 
and parity in the corresponding nuclear transformations, which for 
Y-radiation is equivalent to determining their character, 1.e., 
their type and multipolarity. 

Column 2 of the table lists the experimental values of the con- 
version coefficients ay for tne K-shell, determined from the ratio 
of the areas of the conversion K-lines to the areas of the corres- 
ponding partial B-spectra. 

Column 3 lists the theoretical values of Q,, obtained by inter- 
polating tne data of Kose et al?’ tor the region of Z and E of inter- 
est to us. It must be noted that these interpolations, made on the 
basis of a small number of theoretical points, are necessarily ap- 
proximate and may comprise errors of up to 10-15%. 

Column 4 gives the ratios of the conversion coefficients on the 
K- and L-snells a, / a - In this case the ratios serve to determine 


the character of Y-rays more accurately than is possible with refer- 
ence to @, alone. To this end we used the empirical curves of Gold- 
haber and Sunyar25 showing the variation ot a, / Ay with the ratio 

Z2/E, for transitions characterized by ditferent changes of momentum 
and parity (here E is the transition energy and Z the nuclear charge). 
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Intensity 
1,0+40,1 


(5,340,4)-1072 


(2,040,5)-10°3 
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Unfortunately it is impossible 
to make use of tnese curves in the 
700 kev region since for Z2/E < 5 
and G/a; > 5 interpretation becomes 
ambiguous. 

The ambiguity 1S explained, 
first, by the lack of reliabie ex-— 
perimental points and tne consequent 
highly approximate extrapolation of 
the curves in this region and, sec- 
ond,. by the fact that. in the region 
of small values of Z*/E and large 
values of 4,/@,, the iatter ratio 


is not particularly sensitive to 
the character of the 7-transitions. 

In our case, for transitions 
in the net eh bonnes of 700 kev, 
a,/a, > 5 and Z 2/§ 2 2,2-233 whiten 
corresponds to the above-mentioned 
ambiguity region. 

It will be noted from the table 
that the hy, transition is closest 
to transitions of tne M4 type as re- 
gards the values of both Q, and 
A / Ay - 

The same value of ay was oOb- 
tained for the hvg and the hv4 
transitions. The theoretical value 
of @, nearest to the experimental 
value is tne one computed by Rose 
for E2 or Ml transitions. 

Comparison of the experimental 
and theoretical values of Qy for 
the hy¥g transition indicates that 
it is of the Ei type. 


Y¥-Ray Spectra Measurements with 
the Data of Other Investigators 


7. Comparison of Our Conversion and 


The results of measurements of 
the conversion electron and Y-ray 
spectra of Zr95 and NbY° reported . 
by different investigators are listed | 
ir Table 2b. 

From an examination of the 
entries in the table it. will be 
seen that the greatest number ol 
investigations have been devoted 


to determination of tne energy oO! 
the hY, and hy transitions. 

It we exclude the 2nvestiga- 
tions by the method of absorption, 
which snow a considerable dispersion 
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of energy vaiues (to -200 Kev), the results of most of the spectro- 
metric investigation will’ be found to be in close agreement as re- 
gards the hY¥;, hv and hY¥4 transition energies. 


AS Was noted above, in almost ail Spectrometric investiyvations 
of zr¥9 and Nb92 Carried out prior to 1953 the resolution of the in- 
strument was iow. By virtue of tne high resolution of our instru- 
ment, we succeeded in isOlating another nuciear transition, one with 
an energy of 756 kev (hv3) . Z ; 

In 1953 there appeared two articles 2)» <6. whose authors also 
worked with high resolution spectrometers. Their reports confirm 
the existence of the n¥3 transition. In our investigation we estab- 
lished that this transition must be attributed to niobium On the 
basis of half-life measurements; tne author of Ret. 26 established 
this by using enriched isotopes, while the authors of Ref. 2 used 
chemical separation of Nb and Zr. In addition, the authors ot Ref. 2 
established the existence of another transition (hv¥s) in Mo, with 


an energy of 753 kev and suggest that there may be yet another transi- 


tion Witn an energy nvg - hvs = lb kev. 
Very soft Y-quanta were detected in the investigation of Ref. 2 
by absorption in aluminum. In our investigation, as in that of Ref. 


26, the hys transition was not detected. 

As for the energies of the hv, , hvo, hy¥3, and hyg transitions, 
the data of Refs. 2 and 26 virtually cojncide With Our results. 

Two otner groups of investigators %» ° note yet another (hv¢) 
transition in Nb, with an energy of 920 or 1070 kev. The authors 
of Ref. 5S even determined the total conversion coefficient of the 
Y-rays, although they themselves qualify them as "doubtful". In the 
investigation of Ref. 3 Y-rays With an energy of 1070 kev were de- 
tected both by means of conversion eiectrons and by means of photo- 
electrons; tne half-life, determined from the rate of decrease of 
the intensity of these Y-rays, proved to be 65 days. However, the 
relative intensity of these Y-rays as compared with the intensity 
of the 720 kev Y-rays differed greatly for two different specimens 
(2% and 20%). The authors concluded that these Y-rays were due to 
radioactive contamination. 

It may also be noted that a hv¢ transition detected by Mande- 
ville and Sherb was first ascribed by them to Nb,® then later attrib- 


b 
uted to Mo (after disintegration of the Nb)22, 37 ana finally admitted 


to be non-existent34. According to our data a certain increase in 
the spectrum intensity in tne vicinity of the energy of this transi- 
tion is probably connected with a hard component of the 8--spectrum, 
although, of course, it is not impossible that there may be very 
weak conversion electron lines in this energy interval (see Sec. 4 
above and Sec. 8 below). 

As will be seen from Table 6, the values of the conversion co- 
efficients and of ay / Ay, were determined in only a few of the spectro- 
metric investigations, while the character of the Y-emissions was 
identified in even a lesser number, particularly where the hY¥y and 
hY¥3 transitions are concerned. . | 

Obviously, in measurements with a iow resolution, the errors in 
determining &, OQ and A/a, are necessarily appreciable. Hence, it 
is not surprising that the values obtained in the various studies 
employing low resolution instruments differ widely. Thus, in Ref. 5 

: e hy) transition is far too low (by about 
the value of Qtotal for th 1 y ab 


Conversion electron and Y-ray spectra of Zr? and Nb¥9o 


according to the data of different investirators 


I pte ees ee ee 
| | e 
x Q | 
y K / | *K 
Ref. Na tw,/Nb *K a, | : pee | *K — | Trans.| 4y,/Nb *K Trans. 
L 
Po es I sine aiden Ae ake 
Almost | 
( 17) 240 entirely BO 
convert. 
: 234 *0.002 | 730 *0,001 | | | | 
19 | 708 | | | it 
18 | | 600 | | | 
30 240 AimOs% | | | 
‘ entirely | 
convert. | 
4 242 Same i 
0 850) | 
31 i 
(24) 216410 | Entirely | ) 
(32 convert. | | 
P 240 | | 
(33 23242 *3,540,9| M14 | 
(14 
(34 730+ 20 | | 
(35 | 
| 
(3) 231+10 on 721410 | *0,0024 £2 nan 
= 0,0021 
(25) | (< ee | M1 
(26 935 | 722 0,0014 5 
22 ; 2 754 0,0041 
3} 235,2+40,5 | 4,5+0,6] M4 | 72541,5 5,0+1,0 758-+1,5 | 
| | 
| 
(36) 22042 | 4,340, 1) M4 ‘ | i: 
Our »35+41 2,640,6 | 4,74+0,3) M4 | 72342 ,0018+ |*5,740,6| £2 or | 75642] 0,000464+ | E14 i il 
date “| 0,0002 < M1 =" 1 19, 00004 | | 


Notes: 1) Single * in the Ay columns indicated that the desirnated value 
is for @,.,,,3 in some cases Wrotal and (%,) as computed by the investicators | 
in question are given. 2) Double ** in the Q, columns indicate that the hv2 
and hy4 lines were merged. 3) * in the Oly Ay, columns denotes that the value is 


a fin = : 
for ee - 4) All hy transition energies are given in kev. 


[ See Notes on preceding pare/ 


ey 
; Table 6 (continued from preceding pare) 
Conversion electron and J-ray spectra of Zr95 and Nb95 
ate OR y 
according to the data of different investigators 
ny 
| : | | | Method, Resolution 
lef Nod hvy/M> | XK —* Trans. | /¥s/Mo hele | XK of instrument & 
| | emission used. 
) Tos . ; pe Aral Gpromtce 
i (17)] —820 | Absorption 
| | 
5 776 =|) (0,004 13,4 | 920 | *0,L007 | Spectrometer, e~ 
5 | iT] + 7) 
9 79 » Photoel. 
g " 
i 980) Absorp. coincidence 
(30) Absorption 
(4 776 ; | | Spectrometer, en 
oH eee Absorption ? 
1) | 750415 | Mage lens spectr. em &% 
(24) | 758420 | *0,0021 | MaPORSAE Bee 
. bee cl e~ & photoe. R ww 5=-8% 
(98. 1 | Spectrometer 
‘g 730 | *0,0021 | Maze lens spectrometer; 
(32 ‘ e~ & photoe. R — 6-7% 
- | | JeBCcCtrome ba 
(14) | 770410 | *0,00164 | £2 or | SEOCER OAT OES © 
/ i +0, 00016 RA M1 | Twin-lisns spectrometar ; 
| ~0,0013 en, Bs 28 
34 oe | ze |Scintillation spectr. 
35 74 | *6,6+0.4| Solenoid Pecer meeey 
(> re. esi Rh 2S] & 
(3) ee ®0) 0024 ines OF 4070 | 'Spectrometer e- pend ‘ 
‘ (<0,0021) | M1 | | photoe;. k — 9-2} 
(25) 77t =| = 80,0018 *2,4 | |Magnetic lens svectrometer; 
|,.e7,and recoil electrons 
(26 764 ' Spectrometer, e-; Rk — hizsh. 
(2 768+ 1,0! | 7,64+0,6) M1 753+1,5 |So gtorranh; e- and photo e 
Kk —hizh 
(36) eee : ; ages "Danish" spectrometer,e™, R 
Our ae te-ge: rea ben Ketron, 67, R=0.7-1.0 % 
data +0, 0002 M1 
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three orders of magnitude!) while the value of Qk for the hvy 
transition is double what it should be. In Refs. 5 and 25 the 
eer of d,/a; for the hy, transition differ by a factor of about 

In general with a low resolution instrument all that can be 
expected is a determination of Atota] and at most a rough approxi- 
mation of Qx- An example of this is furnished by the investigation 
of Ref. 14, where ay, is determined from a4 9¢,) On the basis of a 
rough estimate of a,y/a,. 

On the other hand, the results of measurement of dy and ay/d;, 
and determinations of the character of the VY-radiation obtained in 
investigations where the resolution of the spectrometer was 1% or 


better are generally in agreement. Such investigations include those 


of Refs. 2, 26, 35 and 36 and our own. 

In all these references the investigators reach the conclusion 
that the vaiue of a,/a, for the hv, transition agrees well with the 
value of this ratio for M4 type transitions as determined from the 
Goldhaber and Sunyar curves. In our investigation this conclusion 
is also corroborated by the agreement of the experimental value of 
Ox with the theoretical value of a, obtained by Rose and associates 
for M4 transitions. The lifetime of the isomeric state agrees well 
with the lifetime determined theoretically for the case of Nb and 


-M4 type transition28, and also with the empirical relationship be-. 


tween the lifetime and the energy of M4 isomeric transitions estab- 
lished by Goldhaber and poset ; 

The experimental values of the conversion coefficient obtained 
by many investigators for the hy» transition indicate either an E2 
or Ml transition, inasmuch as the theoretical values of @ for these 
transitions are almost identical. 

The same can be said of the hvyg transition. It shouid be noted 
that the emphatic assertion made in Ref. 2 to the effect that the 


hyq4 transition is of the Ml type does not follow from the experimental 


data given in the same reference. 

As for the hy3 transition, we can compare our data with the re- 
sult of only a single investigation: Ref. 26. The value of Qy, for 
hYq reported in Ref. 26 differs from ours by a tactor of 2.4. We 
hold to the opinion that the hY3 transition 1s an El transition. 

The value of cola in Ref. 26 is more in conformity with an E2 or Ml 
transition. Actually the author does not concern hinself at all 
with the character of tne transition; nor do we know the error in 
determining My in this investigation. 


c Qe Or 
8. Decay scheme of Teas Ne. + Mes 


As mentioned earlier, the main Outiines of tne decay scnemne 
for Zr9° and Nb9° were established by Levinger, Nedzel, Brady, et 
aj4-6 around 1945. This scheme is shown in Fig. la. Figure ib 
shows a decay schenie suggested by Shpinei in igoi’. SY CRG micas 
of 1953 two other reports were publisned %>» 94 proving that a decay 
scheme essentially analogous with that proposed by Levinger et 
is the correct one. 

The results of our investigation permit construction ol 
what different decay scheme for Zr¥9 and NbYY, altioug! few points 


still remain unciear even in this scheme. 


A Similiar decay schene (altnough 
less complete with respect to the charac- 
teristics of the levels) is given by Cork 
and associates“. The Cork scheme contains 
no Yndication of the Boy and By components, 
tentatively introduces still another levei 
in Mo9® (752 kev), and suggests: the exist- 
ence of a Y-transition ot lo kev energy 
between the 768 and 752 kev leveis of Mo%?. 

The decay scheme according to Cork's 
and our data is shown in Fig. 4. 

According to the results of Our meas- 
urements, this scheme 1S, in general, not i 
inconsistent with intensity and energy 


balance considerations. 
a9, Let us review the principal character- 


istics of the ground states of Zr9°, NbY9, 
Fig. 4. Decay scheme for MoY®, i} 


Zr¥° and NbY° according In our case these characteristics can 
to our data (cf. also be determined from the following data: i 
Ref... 2). 1) data on the character of the ! 


Y¥-transitions; 
2) 8--decay and 6-7 angular correlation data, 
3) experimentai determinations of the nuciear spin; i 
4) nuciear shell modeis. | 
Wnere tne nuclear-Suell modei is concerned, the fiftietn neutron 
of goMog? in the ground state compietes the fiiling of tne fourth shell, , | 
and the remaining three neutrons snould be at tne d3/gQ level. The 
ground State ot the MoY® nucieus is thus characterized by even parity 
and nas a total angular momentun J = 5/2. This value of the total | 
momentum is confirmed by measurements of the spin of the Mo9° nuc- 
leus38, 
The characteristics of the ground state of 4, Nb23 are determined 
by the forty-first proton, which is relegated to the g9/2 level, 
after the 3p level is filled by the fortieth proton. The value of 
the total momentum of this state is confirmed by tne experinental 


value of the spin of tne stable isotope 4iNbes, which was found to 

equal 9/2. As a rule, addition of two neutrons when the number of 

neutrons is even does not change the value of J. 79d | | 
The characteristics of the ground state of 40¢T55 are determined 

by the five neutrons, located at the ds5/2 level, after the fourth 


shell has been filled by the fiftieth neutron. The value of the | 
total momentum of this state is identical with the total momentum 
of the ground state of 42Mo2> Since, aS a rule, the addition of two 


protons when Z 1s even does not alter J. Bs 
Now let us examine the excited levels of Nb ° and MoY. 


On the basis of both the character of the J-radiation and the | 
the resolved soft component of the ®~-spectrun, the excited | 
095 can be either gg/g Or g7/2- Of the two, the 

for the selection of the g7/92 level as a 

ation. 


shape of 
764 kev level of M 
nuclear sheil model calls 
level of successive excit 


The 1Someric transition of Nb’°% is a transition of the M4 type 

Consequently, the 1lsomer state is a Pi, 2% State; the S—=-transition 
Bagh ; 

from the ground state of Zr"? (de 9) to the p;, 9 level is accompanied 
by a change of parity and a change of tune total angul: momentum by 
two. Consequently, the B-~-spectrum component with an pep aan ener- 
&y Of 900 kev should be that ot a once forbidden transition and 
Should belong in the category of G@-type spectra. This is contirmed 


by the high vaiue ot logfttor this spectrun. 

The next excited level of NbYY (723 kev), to judge from the 
character of the Y-radiation (hvo), lay be elitner E7/2 Or d= 2: Both 
alternatives are consistent with the nuclear shell model and it 1s 
impossible to make a definite selection by means of the shell model. 
This is explained by the fact that pairs ot spin levels in a given 
shell (levels with ditferent spin orientations relative to the orbital 
momentum), Originating from neighboring levels of tne rectangular 
potential well, have a tendency to approach each other and even to 
interchange positions, depending on tne number of nucleons in the 
nucleus. Such level pairs are f5/g9 and P3/2» €9/2 and g7/2, ds5/o 
and ds5/2; etc. In such cases one must either determine the charac- 
ter of the Y-transition from the level more uniquely or make use of 
other information on the excitation of the level, ise) such Sntortme 
tion as may be that gained by studying the B- -decay or J-ray cascade 
transitions (where these occur). 

In our case, the 723 kev level is excited as the result of a 
8°-transition. In the case of a ds5/2 + d572 transition, tne corres- 
ponding 84g component should be an allowed one. However, the high 
value of logft for this component ae eck the contrary. The value 
of logfr 1S more in accord with a ds 2 weil i i transition, assuming 
that we are dealing here with a so- -called \-forbidden B™ L apuaeren 
In this case, the transition, while allowed from the point of view 
of the change in parity and spin (the parity is unaltered and 
AJ = 1), is torbidden in accordance with the selection rules for 
orbital momentum. In Our particular case (parity unaltered and 
AJ = 1) the L-prohibition means that L= 2, which is the case for a 
ds/2 d7/2 transition. The value of log ft for such spectra is | 
high —experimental data indicate that it is between 6 and 8 - which 
is also in agreement with our data. The shape of the L-forbidden 
spectrum is that of a Fermi spectrum, as was assumed by us 1n sepa- 
rating the Ba component by means of the Kurie plot. The 723 kev 
level of Nb9° is, therefore, a g7/2 level. 


Next, let us consider the 756 kev excited level of Nb99, If 
the hy. transition is assumed to be an El type transition, the 796 
kev level may be either an £7/92 or an hii /2 level. From the point 


of view of the nuclear shell model, the latter is acceptable as the 
next successive-excitation level. However, in this case the 
ds/2-* hjj B8--transition turns out to be a third-forbidden transi- 
tion and te ten) value of log fx for the spectrum ( 7 10) is 
greatly at variance with the experimental value. 

The f7/2 level is difficult to reconcile with the nuclear shell 
anal but agrees well with the B--decay data. In fact, the | 

peek] transition is a first forbidden one. The ENeoreticed 
yeh 26 of 15g ft for the 8~-spectrum agrees with the experimental value. 
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If we aSsume Chat the hv3 transition 1s of the E2 or Ml type 
(as apparently follows from Mitteliman's investigation26) , we run 
into the contradiction that while only a d5/g level is consistent 


with the nuclear sheil model, the d5/2— d5/2 B--transition is an 


allowed one and the value of iog ft corresponding to it is in dis- 
agreement with the experimental value. Only a 87/2 level is con- 


Sistent with the 8”-spectrum; this indicates an Ml type transition. 

Thus we arrive at the following conclusions regarding the 
characteristics of the 756 kev level: 

1) It follows from our investigation and that of Mittelman2® 
that the 756 kev level best in accord with the 8~-spectrum data is 
one with J = 7/2. 

2) A 756 kev level with this value of J does not fit into the 
arrangement of levels predicted by conventional shell model theory; 
apparently this level is reached in some way other than by ordinary 
Successive or hole excitation. 

3) According to our data, the parity of the 756 kev state is 
odd (-7/2); on the other hand, analysis of Mittelman's results leads 
to even parity (+7/2). 

4) A -7/2 level is more consistent (than +7/2) with the experi- 
mental magnitude of log fr for the 83 component, if no special as- 
Sumptions are made regarding the decrease in the probability of 8- 
transitions to this level in view of its unusual genesis. (Our con- 
clusions regarding the characteristics and the exceptional nature 
of the 7506 kev level are supported by the collective nuclear model, 
developed during the last 2-3 years. In the light of this model, 
the 756 kev level is a collective ievel and is not susceptible to 
description in terms of the simple nuclear-shell modei.?!) 

The still doubtful or obscure particulars of tne decay scheme 
for zr?° and Nb¥° include the transitions and levels indicated by 
dash-lines in Fig. 4. The 85 and By transitions have been discussed 
above. We have no concluSive experimental proof of the existence of 
an excited level of Nb9° with an energy of 900 kev. 

Regarding §8~-transitions from the isomeric ievel of Nb9¥° it 
may be Said that the characteristics of certain excited levels of 


Mo?® (for example, S1/2 and ds /g) indicate that such transitions 
are possible. In fact, they are not improbable for it is known, 
for instance, that excited levels of Mo%° are reached by transi- 
tions from the ground (gg/g) state as well as from the isomeric 


(Ry /2) state of Tc9°. 


Analogous transitions from the ground and isomeric states of 
Z l and Z + 1 isobars to excited levels of the Z isobar have been 
observed, for instance, in the case Kr®%—» Rb35 — Ssrdd. 

Lastly, we must note that another moot point in the above de- 
cay scheme is the matter of B--transitions from the ground and iso- 
meric states of Nb?° to the ground state ot MoI, with end-point 
energies close to the end-point energies of the Bs and Bg components 
of the B-spectrum. 

The writer wishes to express his deep gratitude to B. S. Dzhele- 
pov for guidance in the investigation and discussion of the results, 
to N. A. Vlasov who Supervised the construction of the kentron and 
to K. P. Artemov for his assistance in calibrating the kentron. 
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INVESTIGATION OF THE RADIATION OF Rb&® 
- A-« G. Dmitriev and Pp. Pp. Zarubin 


yee Introduction 


Radioactive Rb°&©, first detected by Sneii+t in 1937 while bom- 
barding rubidium witn siow neutrons, has become the object of rela- 
tively many investigations. | 

The most accurately measured value of the half-life of kb°®© 


2s 10 ft days?-4, It has also been established that B--decay 


transforms this isotope from its ground stute to the ground state 


of sr8e and also to a hignly excited state oft Sroo, With Subsequent 
emission of Y-quanta; internal conversion electrons have not been 
observed in this transition. 

It is probable that the ground state of Rb®° aiso decays by 
8*+-emission or K-capture to kr, 

The main outiines of the decay scheme of Rb®© were established 
in 1948 by Zaffarano, Kern, and Mitchell3. This scheme is shown in 
Fig. 3 below. It was confirmed and refined in many subsequent in- 
vestigations. At the time we began our investigation (November 1953) 
the following points in connection with the decay scheme of Rb&®© 
were still in need of further clarification. 

1) Although as a result of many investigations the hard compon- 
ent of the B~-spectrum has been classed among Q-type Spectra, there 
were conflicting opinions regarding the soft component and the de- 
gree of its forbiddenness. We also felt it would be of interest to 
verify the "uniqueness" of the hard component under the conditions 
obtaining in a hign-resolution 8-spectrometer. 

2) Only three investigations, witn a Single spectrometric one 
among them3, determined the ratio of the soft and hard components 
of the B™-spectrum; values of this ratio determined by the three 
investigations diverged considerably. Furthermore, the value ob- 
tained in the spectrometric investigation did not take into account 
the non-Fermi form of the hard component so that its intensity was 
underestimated. 86 

3) The energy of the nuclear transformation to Sr was deter- 
mined in only three investigations, two of which were made with low- 
resolution Spectrometers; the character of the ¥-transformation was 
unknown, and the momentum and parity of the excited state of sr86 
were not determined uniquely. r 

4) The conversion branch of Rb&© into Kr86 by 8+-decay or K- 
capture was not studied (only the upper limits of the ratios K/8 
(Ref. 5) and Bt/B- (Refs. 6 and 7) were established. 

In our study the radiation of Rb8© was investigated with a 
magnetic lens spectrometer with improved focusing, namely, the ke- 
tron, described in Ref. 8 {the preceding article in the present 
issue/. The results of this investigation throw light on some of 
the above-mentioned puzzling aspects of the decay scheme of Rb®®, 

No definitive conclusions have been reached concerning certain 
questions because of the presence of radioactive impurities (S39 
and probably other radioactive isotopes) in our specimen material. 
Some resuits of our investigation (particularly of the investigation 


= 20D = 


of the J-radiation) stiil require verification; nence, the present 
report on the radiation ot kb®© wust be considered as only a pre- 
liminary one. 


2. Measurement Conditions in the Ketron 


In Our investigation of the B-~-spectrum of Rb°° and the photo- 
electron spectrum, the electrons were detected with uw single counter, 
operating with a quenching-gas mixture consisting ot 7U%® argon and 
30% methane. Use of the arygon-methane mixture results in a counter 
plateau approximately 30% longer than that obtained with an Ar + CoH9 
mixture®. 

The window of the counter chamber was covered with a ten-layer 
organic film having a total superficial density of about 0.02 mg cme. 
Such a film is transparent to electrons having energies as low as 
3.5-4.U0 kev. 

Our radioactive specimen containing Rb®© was obtained in the 
form of small rubidium chloride crystals, bombarded with siow neu- 
trons. The product contained a considerable admixture of radioac- 
tive S39, Analysis of the B”--spectrum and the rate of attenuation 
of its intensity indicated that there were no other radioactive ad- 
mixtures, having a half-life and ®--spectra end-point energies dif- 
fering appreciably from the half-life of Rb©®® and tne end-point 
energies reported for Rb®© in the literature, present in our speci- 
men material. However, one cannot exclude tne possibie presence of 
Other impurities, Such as radioactive isotopes, decaying by positron 
emission or undergoing transformation by K-capture, witn a halt-lite 
of ten days or longer. 

AS may be seen. from the resultant B”™ and photoeiectron spectra, 
our specimen material contained virtually no radioactive Cs!34 which 
is frequently formed as a co-product when Rb®© is produced by the 
(n,¥Y) reaction. 

The source for studying tne 8~ and internal conversion electron 
spectra of Rb°8° was prepared by evaporating an aqueous solution of 
rubidium chloride on an aiuminum foil having a Superficial density 
of about 1.5 mg/cm. A rectangular Strip, measuring 0.9 x 19 mm 
was then cut from the coated foil. The ae ete ES as density of the 
active coating wasS approximately 0.2 mg/cm¢. 

The theoretical resolution of our instrument was computed to 
be about 0.6%. In view of tne thinness of the specimen we expected 
to obtain an experimental resolution approaching the theoretical 
from energies of the order of 200-250 kev. Unfortunately, it was 
impossible to verify this, since the observed 8~-spectrum contained 
no internal conversion electron lines. 

_ Two sources were prepared for investigating the 7-radiation of 
Rb8© by means of the photoelectron emission. 

The first was a cylindrical copper container with lead foil, 
measuring 1.5 x 18 mm and having a superficial density of about 
21 mg/cm“, cemented to the cylindrical surface. The container was 
filled with the powder obtained by grinding up the active rubidium 
chloride crystals. 

The second source was specially prepared to investigate the 
suspected low-energy 7-radiation of Rb®®. Here the active powder 
was placed in a container made of thin copper foil and covered with 
a layer of tin on the outside. The photoelectron radiator (tin) 

- measured 2.8 x 20 mm and had an average superficial density of 


10 mg/cm2. 
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3. The B~-Spectrum of Rb°° 


The general appearance of the 8 -spectrum in conventional co- 
Ordinates is shown in Fig. 1. As noted earlier, our material con- 
tainedan admixture of radioactive S - Fig. 2 snows the §8”-spectrum 

‘in the region above 175 kev, i.e.,above the end-point energy of the 
B™-spectrum of S39. The portion of the spectrum from 175 to 1800 kev, 
plotted from « large number of experimental points, will be the one 
analyzed below. The average statistical error of measurement was 
1.5-2.5%. All experimentai points of the spectrum are normalized to 
a Single measurement interval. Check measurements, performed 85 days 
after the principal series of measurements showed that the intensity 
of the B~-sSpectrum fell off in conformity with a half-life T = 19 days. 

Not a Single internal conversion electron line was observed to 
Stand out against the continuous spectrum background. 

Fig. 2 is the Kurie 
plot of the 8”--spectrum. 
AS can be seen from the 
figure, the plot of the 
hard component 8, in the 
energy region above E, 72 
snows the "bulge" charbc- 
teristic of “unique” 

CON J000 +00 5000 6000 V0 tp . spectra. 


It is known that the 
Fig. 1. 8B -spectrum of RbS& . spectrum of a transforma- 


tion involving a spin 
change of 2 and a change 
/ | of parity {"“unique™ oF 
ft Q@-type spectra) differs 
in form from the spectrum 
—+—-+— of an allowed transforma- 
tion by a factor @ which 
T ne increases the fraction 
due to energy electrons 

a an ae and, when Eep > 2, the 

. fraction due to low-energy 
| electrons as well. 

| An approximation of 
| the @ factor for “unique” 
A i spectra is given by 


ad=(E BE)” + FX = 


ep 


, The approximation 
200 400) C00 800 1000 100 400 1600 1600 200 lies in neglecting tne 
dependence of @on Z. 
However, when Z 1s snail, 
Fig. 2. Kurie plot ot the 6”-spectrum taking this dependence in- 
ets neo? to account makes only a 
minor difference in the 
value of da. 
The Kurie plot for a "unique" spectrun ditfers from the plot for 
an allowed spectrum, i.e., from a straight line, by a constant factor 
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Hence, multiplication of all the point-values of the experimental 
curve by 1/Ja should rectify the Kurie plot of a "unique" spectrum. 
Accordingly, all the points of our experimental Kurie plot in the 

780 to 1800 kev range were multiplied by 1//a@. As will be noted from 
the figure, this straightened out the Kurie plot satisfactorily, con- 
firming the assumption that the hard component of the 6 -spectrum of 
Rb is a "unique" spectrum. According to our measurements the end- 
point energy of this spectrum is 1795 +t 15 kev. The value of log fv 
is about 8.6, which is also in conformity with the values of a-type 
spectra. 

Further analysis of the Kurie plot was carried out as follows: 
The straight-line of the rectified Kurie plot was extended from 780 
to 175 kev. The points on the line corresponding to the experimental 
points in this energy region were multiplied by /@. This operation 
permitted plotting the non-rectified Kurie plot of the hard spectrum 
for energies under 780 kev. AS can be seen from the figure, the Kurie 
plot in the 780 kev region remains smooth. Moreover, an increase in 
the number of soft electrons over the number present in the case of 
an allowed spectrum becomes ies pent eee this was to be expected, for. 
in our case Eep = 4.51 (in mgc units). 


After subtracting the hard component from the overall spectrum, 
a new Kurie plot was drawn for the remaining soft component; this 
plot is rectilinear down to energies of 230-250 kev. The end-point 
energy of tne soft component Bg is 711 f 15 kev. i 

The relative intensities of the 8) and Bo components were found 
to be 86 and 14%, respectively. 


The deviations from a straight line in the Kurie plot of the soft. 


spectrum component in the 175 - 230 kev energy region cannot be attrib- 
uted to distortions in the instrument, in view of the relative thin-. 
ness of the source. Aeon 

AS can be seen from our measurements and analysis of the isotope 
table, there is also little likelihood of these deviations being caused 
by a radioactive impurity having a soft B--spectrum. 

Two hypotheses can be advanced to explain the curvature in “the: 
Kurie plot below 23-250 kev: 

1) The spectrum component Bo is forbidden and, hence, its Kurie 
plot is not a straight line. 

2) There exists a still softer 8--spectrum component (B3) having 
an end-point energy near 230-250 kev and an intensity of only a few 
percent (1 - 5%). 

It should be noted apropos the first we Cache shet 2 that experiments 
made by many investigators in 1950 and 1901 — 12 on the 8-Y-angular 
correlation for Rb&6 have shown that this correlation actually exists. 
Despite the low accuracy of these experiments, it has apparently been 
possible to establish that the form of the correlation function and 
the sign and magnitude of tne correlation (i.e., the sign and magni- 
tude of the coefficient € in tne correlation function 1 + £'cos* 9) 
correspond to the first forbidden transition associated with the Bo 
component and to the shape of this component which differs lattie 
from the shape of the allowed spectrum. The 7.7 vaiue of logft for 
tne B9 component aiso confirms this conciusion. 

In this case, the first hypothesis aione cannot ex 
served curvature of the Kurie plot of the 6 

The difficulty with the second hypothesis is that we lack con- 
vincing experimental proof of the existence of the B3 component. The 


plain the ob- 


9 component of the spectrum. 


Kurie plot, drawn with a small number of experimental points obtained 


after subtracting tne >) component, assumed to be ot the Fermi type, 

does form a Straight line. However, only an insignificant portion 

of the spectrum has been Subjected to this analysis (1/0 - 230 kev). 
Thus, additional experiments are necessary to decide between the 

above two hypotheses. It is quite possible that both are true. In 

that case the end-point energy of the B. component will be lower. 


4. Comparison of results with measurements made by other 
investigators a 


To date there nave been quite a few investigations devoted to 
determination of the end-point energies and relative intensities of 
the individual components of the ®--spectrum of Rb®°°. 

The results of these investigations together with Our Own are 
listed in the table below. 

As can be seen from the table, the absorption method was used 
in five of the investigations. In view of the large errors inherent 
in this method, the accuracy of the end-point energy and reiative in- 
tensity determinations is open to question. 

It is, therefore, not Surprising that the values of the end- 
point energy, Egl? of the hard component of the spectrum, determined 


in Refs. 2 and 16, differ by approximately 440 kev, while the relative 


intensities of the soft component Bo, determined in Refs. 15 and 18, 
differ by a factor of nearly three. 


Let us consider in somewhat greater detail the results of several 


of the spectrometric investigations, which yield much more accurate 


values of the end-point energies Egl and Egg and the relative intensi- 


ties of the components, and which also permit of evaluating the de- 

gree of forbiddenness of the corresponding 8~-transformations. . 
The first spectrometric investigation of the B~-spectrum of Rb86 

was made in 1942 by Haagstroml3. The solenoid spectrometer he em- 


ployed had a resolution of approximately 5%. The Statistical accuracy 


of the ®--spectrun measurement was low. The great dispersion of the 
experimental points and their limited number (i8 points over the en- 
tire spectrum) 
ing the form of the hard component of the spectrun, but also did not 
allow of separating out the soft component. The Kurie plot had a 


slight bend near 0.7 Mev, but no explanation of its presence was given. 


In 1948 Zaffarano, Kern and Mitchell used a magnetic-lens spec- 
trometer to investigate the radiation of Rb 6, This is one of the 
most complete and thorough spectrographic studies of Rb®°© to date. 

The superficial Bepeity of 
ranged from 0.45 to 9 mg/cm2. The resolution was low, amounting to 
only a few percent. 

These investigators were the f 


soft component of the B--spectrum of Rb 6. . : 
intensities of both components of the spectrum and in establishing, 


from a Kurie plot, that the hard component has the form of a forbid- 
den spectrum. However, 

taking this spectrum to be of the Fermi type, and tentatively drew a 
straight line through the experimental points of the Kurie plot. 
Starting with 250 kev, the Kurie plot of the Bo component deviated 
from a straight line, to the side of an increase in the number of 
soft electrons. However, this deviation was not discussed by the. 


investigators. 


irst to succeed in separating the 


not only failed to yield reliable information concern - , 


the sources used in that investigation 


in determining the relative 


they subtracted this component from the total, 
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rene next investigation was made by Muether and Ridgeway in 
19504’. This investigation is vaiuable in that it 1S the first to 


* employ B-¥-coincidence to separate the soit component of the 5”- 


spectrum. The spectrometer used was of the magnetic lens type with 
a resolution from 3 to 15%, depending on the energy region studied. 
The sources were produced by evaporation under vacuum and had a 
Superficial density of 0.4 and 1 mg/cm*. 


The resultant Kurie plot of the 8, component was nearly a straight 
line, corresponding to an allowed spectrum with Egy = 726 + 10 kev 
or to a once forbidden spectrum with E,, = 714 * 10 kev. Tne authors 


are inclined to favor tne second alternative. 

It should be noted that, as in Ref. 3, the deviation in the Kurie 
plot of the Bo component, corresponding to an increase in number oft 
soft electrons, begins approximately at 200 kev. Ref. 17 also con- 
firms the forbidden character of the B, component and is the first to 
note its "uniqueness" (a-type SAR DB 

As will be noted from the above review and an examination of tne 
table, all the spectrometric investigations, with the exception of 
those covered by Ref. 19 and 20, are in good agreement as regards tne 
values of the end-point energies. 

Our determinations differed from the otuers mentioned in that we i | 
used an instrument with a higher resolving power, which permits us to 
analyze the form of the component B”™-spectra with greater assurance. } 
In contrast to the case of Ref. 3, we took into account the forbidden- 


ness of the By component in determining the reiative intensity of the 


spectrum components. In addition, our measurements permit advancing 
the hypothesis that there is a third, even softer component present i 
in the spectrum of Rb8©. It will have been noted that the Kurie plots | | 
of the 85 component drawn by other investigators on the basis of tests | 
under aVerorent experimental conditions show deviations from the 
straight line in the energy interval under 250 kev. None of the in- 
vestigators in question advance an explanation for this deviation. 

If the B3 component actually exists, the intensities of both the 
By and Bs components will be somewhat lower than those tabulated. 


5. Gamma-Radiation of Rbe? 


The J-radiation of Rb’ was investigated by studying the photo- 
electron spectrum emitted by the radiators described above. The main 
series of measurements (with the lead target) covered the energy 
gence from 4 to 1200 kev. 

We succeeded in detecting in this region five photoelectron lines, 
standing out against the recoil electron continuum and, in the hard 
region, against the background of the hard B~-radiation which partially 
penetrated the walls of the copper container. 

As a result of three series of measurements, we detected in the 
420-440 kev electron-energy region two almost fully resolved photo- 
electron lines. The half width of these lines was approximately 
Boe 2.2%, which is in good agreement with the results of experiments 
on other radioactive materials under comparable conditions. The most : 
probable values of the 7Y-ray energies corresponding to these photo- 
electron lines are hyg = 909 + 3 kev and hvg = 526 £ 3 kev. 

The intensity of the hig Y-rays is approximately 20% higher than | 
that of the hY5 gamma rays. 

In the 1060 kev energy region, also aS a result of three series 
of measurements, we observed three photoelectron lines, of which two 
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are almost entirely merged. It must be noted here that the presence 
of the harder of the unresolved lines is manifested as a change in 
the slope on the side of the softer-line peak and also results in 

an abnormally large half-width of the soft line (~2%). The half- 
width of the line in this energy region and under the given measure- 
ment conditions should be approximately 1.09%. 

The most probable values of the Y-ray energy, corresponding to 
co photoelectron lines, are hvg = 1065 + 4 kev and hv5 = 1079 + 4 

ev. 

The third photoelectric line in this group consists apparently 
of two L-shell photoelectrons, ejected by hv¥q4 and hys gamma rays. 
Adding the binding energy of the L-level electrons in lead to the 
energy of the third photoelectron line yields a Y-ray energy of ap- 
proximately 1067 kev. 

An approximate evaluation of the gamma-ray intensities snows 
that 
Thy 4 Thy 5 


and l 220% 
hs 


NS 
nw 


The last ratio takes into account the fact that under the meas- 
urement conditions in our spectroscope, a relatively higher intensity 
is obtained for hard J-rays aS compared with soft Y-rays. 

In view of the detection of two pairs of /Y-lines with close 
energy values, we went on to investigate the photoelectron and re- 
coil electron spectra under conditions favorable to the observation 
of soft Y-quanta. The emission of these could be associated with 
transitions between two neighboring energy leveis. 

The radiator with tne tin target described above was used for 
this purpose. With it we investigated the energy region from 38.2 to 


35 kev. 
As a resuitof three series of measurements we detected a weak 


photoelectron line at 95.3 kev. 

If this line is assumed to be due to photoelectrons ejected from 
the K-level of Sn, there should also be evident a line of at least 
comparable intensity at about 30 kev, associated with photoelectrons 
ejected from the L-shell. However, no other lines in the 3.5 to 35 
kev interval were observed. Hence, it may be concluded that the de- 
‘tected line is due to photoelectrons ejected by Y-rays from the L- 
level ratner than from the K-level of Sn. In this case the energy 
of the corresponding hy, Y-rays is 10 t 1 kev. 

The connection between the observed Y-radiation and the decay 
of Rb&® has not been definitively established since no measurements 
of the rate of decrease in the intensity of the photoelectron lines 
in question have been made and no control experiments with chemically 
pure Rb°° were carried out. 

It should be noted that the hyg and hvs Y-ray energies are very 
close to the hE ae of Y-rays from Rb86 determined by Zaffurano, 
Kern and Mitchell33 and Muether and Ridgeway, 

6. Decay scheme for Rb&° 

The decay scheme for Rb8e , whose principal features were estab= 
lished by Zarrarano, Kern and Mitchell, is shown in Fig. 3 (we have 
supplemented this scheme by indicating the possible K-capture decay 
and the suspected B3 component 1n the ®~-spectrum). 
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Phe momenta and parities of the 
ground states of wb°% and Sr86 and of 
the excited state of Sr®° were estab- 
renew -in Rete. 9, 12, 17, ‘and 22. 
Our own resSuits confirm these conclu- 
Sions concerning the angular momenta 
and parities. -In fact ,. the -gretind -- 
state of the even-even nucleus agSr88 


*) 


teed 48 
1795 (86%) has spin O and, apparently, even 
ee parity. In this case, in view of the 
"uniqueness" of the hard spectrun of 
1061 rRb°Y% and the absence of 8-7 coinci- 


dences for this spectrun+? it may be 

deduced that tne ground state of kb86 

ae Seay has spin 2 and'odd parity. This con- 
; clusioa agrees with the results of 

Bellamy and Smith*2 who measured the 


Fig. 3. Decay schene for Spin and wagnetic momentum of Rb 86 by 
tbe?’ (Energies and relative the inagnetic-resonance method. Accord- 
intensities ot the —B-- ing to.their data the spin -of Rb86 is 
transformations shown are Z, and wt = -}.69. The value of 2 ds 
fron our data). in conformity with the configuration of. 


the odd-odd nucleus 37kb98, predicted 
by the nuclear-sheil model. 

This configuration (protons -- fs/a: neutrons -- 89/2) actually 
has odd parity. 

Tne ground state of the even-even nucleus gekroe has a zero mo — 
mentum and, apparently, even parity. In this case the Rb86 _, Kr 86 
transition (ground eo will be forbidden to the same degree as 
the transition RbS©-» sr®© (ground state). 

Next, let us consider the excited state of srb©. 

Analysis of the shape of the U.711 Mev B~-spectrum, the vaiue of 
logft and the results of the B-Y angular correlation experiments, all 
support the hypothesis that this 8 -spectrun 1s that offs first for- 
bidden transformation and exclude the @-type spectrum hypothesis. In 
this case the angular momentun of the excited state can be l, 2, or 
3, and the parity is even. . 

Analysis of the first excited leveis of the even-even auclel 
(Refs. 23 and 24) shows, first, that the energy oi the first excited 
level of Sr8© should lie between 1 and 1.o mev, which is in agreement 
with experimental results; and, second, that 2 is the most probabie 
value of the angular momentum tor the first excited level. 

If the existence ot the 8. component 1s proven more rigorously 
and a connection is established between the 7 -radiation detected by 
us and the disintegration of Rb8©, the decay scheme of this 1sotope 
will become more complex. In refining the decay scheme it will be 
necessary to take into account that hyg=z hy3 & Egg - Egg and hy) = 
= hy 5 - hy,- 
B. S. Dzhelepov for his 
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A HIGH-TRANSMISSION WEDGE-TYPE SPECTROMETER WITH IMPROVED FOCUSING il 
«- 2, Es Berlovichn 


Ae Introduction 


Recent scientific advances in the tield of nuclear spectroscopy 
have led to the development of new types of high resolution spectro- 
meters: the ketron designed by DzZzhelepov and Bashilov! can resolve | 
lines with a half-width (width at half-maximum) of only 0.15%; the : 
highest resolution of the Siday and Silverston? instrument is D oLarics 
while tnat of the instrument developed by Kel'man et al3 is less than i 
one-tenth of one percent. Instruments of this kind are very useful for a. 
studying weak J-lines, separating ciose-energy lines, and assigning in- 
ternal conversion lines to different electron shells and, particularly, 
to specific subgroups of a given shell (for example, the subgroups of 
the L-shell). These investigations are important in establishing the 
multiplicity of nuclear transitions. i. 

However, the resolution of the diverse spectrometers used in dif- a. 
ferent nuclear experiments varies greatly, ranging from under one-tenth 
of a percent to well over ten percent (see list in the survey by Persico 
and Geoffrion*). An example,of a case requiring a spectrometer with a 
large iine half-width (low resolution) is furnished by 8-7 angular cor- 
relation studies, in which the instrument must encompass a fairly wide 
energy interval in order to bring the 8-Y coincidence counting rate to 
an acceptable level. In 8-decay investigations there is no need for a 
very high resolution to obtain the correct shape of the spectrum; how- 
ever, going to the other extreme - too large a minimal half-width - may 
result in distortion of the spectrum. A half-width (resolution) of 7 
2-3% is entirely satisfactory for correct rendering of the shape of i 
B-spectra. 

Many spectrometrometric investigations require not so much a high a 
resolution as a nigh intensity (transmission factor) of tne instrument. a 
This applies, for example, to the investigation of emission spectra ‘i 
from low specific activity sources as well as to experiments in which | 
spectrometric measurements are employed in conjunction with coincidence i |i 
counts. 
High intensity and high resolving power are, in a sense, contra- 
dictory requirements: simply increaSing the angle of acceptance in 
order to increase the intensity involves a reduction of the resolution i. 
of the instrument. | tl 

There are ways of overcoming this difficulty. In spectrometers i 
with transverse focusing the angle of acceptance is increased without ai 
undue sacrifice of resolution by appropriate modification of the mag- . 
netic field distribution (Korsunski, Kel'man and Petrov’, and Langier 
and Cook®); in high intensity spectrometers with longitudinal focusing 
compensating coils are used to the same end. \ i 

Below we describe a method of focusing widely divergent beams in | 

| 
) 


wedge-type spectrometers. Using this method it proved possible to 
realize a spectrometer with transverse tocusing, combining a resolution 
adequate for many experiments (2%) with the nigh intensity common to 
instruments with longitudinal focusing (transmission = 1% of the 4Tt || 
solid angle). Tne focusing procedure for the spectrometer in question | | 
is much simpler than that for such instruments as the ketron. Another |} 
advantage of our instrument is that both the source and the detector 


are located outside the magnetic field. 


ee New ee eee 


pe. 


ra aoe 


2.. Focusing Characteristics of Wedge-Shaped Magnetic Fields 
ee ee nape? Magnetic rieids 


The focusing properties of a wedge-shaped magnetic field, analyzed 
by Stephens’ and Barber8, are illustrated in Fig. 1 for the case of 
Symmetric location of the source and "image". 

Particles emitted from the point 
source S, in passing through the magnetic 
field H, converge to a band of finite 
width. The width of this image (i.e. the 
aberration) is given by 


S = ae? sind, Gly 


Fig. 1. Focusing effect of a where 2d is the angle of divergence, @ 


_ wedge-shaped magnetic field is the distance of the wedge apex from 


with symmetrically located the source and from the image and & is the 


- source § and image A. angle between the central ray of the beam 


at the point of emergence and the line 
passing through the source, image and apex of the wedge. 
It will be seen from equation (1) that in this case, just as in the 


q case of semicircular focusing, the width of the image is proportional 


to the square of the angle of divergence (angle of emission). 
A number of investigators have examined the feasibility of modify- 


; ing the shape of the wedge sides in order to correct this aberration 


(i.e., to reduce the width of the image). Kerwin9 computes the optical 


' properties of such systems} in his analysis kerwin approximates the geo- 


metry of the wedge sides by sections of circular arcs and straight lines. 
Such approximations are, naturally, allowable only when the divergence 


' angle is relatively small. Moreover, in Kerwin's analysis the wedge- 

» shaped field is assumed to be ideal, i.e., homogeneous in the gap with 

> no fringing (abrupt transition to zero at the edges). These assumptions 
_ detract from the practical’ value of Kerwin's calculations. 


Lastly, Judd and Rosenblun+1l examine the case of a wedge-shaped 


field falling off radially according to the law 


Hf = Hy (po/ py 


and (3 Dahlen focusing in two directions, as in the Svartholm-Siegbahn 
_ spectrometer!2, 
» but fringing at both the entry and exit sides of the wedge may have an 


This method should yield an increase in transmission, 
adverse effect. 


3. Methods of Improving Focusing of Wide-Angle Beams in Wedge- 
Type Spectrometers 


Assume we have a ‘strongly divergent beam of charged particles emerg- 


q ing from the point § (Fig. 2) and entering a homogeneous magnetic fieid 


HH, initially having a square cross section (dash line). Let us locate 
= point A on the extension of the line SP, symmetrically with S with re- 
» spect to P (the symmetry is not a necessary condition). Now from this 
> point, let us draw a family of straight lines tangent to the circul 

' paths of the particles in the field H. The locus of the points of tan- 
* gency gives us the curve defining the shape the exit facé of tne poie 


piece should have for all the particle paths to intersect atA. rhe 
final shape of the pole piece profile so determined is shown 1n Fig. 
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Fig. 2. Improving focusing 
by shaping the exit edge of 
the pole piece. 
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CM 
Fig. 3. Improving focusing 


by modifying the field dis- 
tribution at the edges: 


a) actual field distribution, 


b) corrected distribution. 
Dash line indicates ideal 
field distribution. 
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Wy tne solid Vine. Actually, 

,Of the focal point A can 
bitrarily; Moving the point will Simply 
Change the shape of the €x1lt edge of -the 
pole piece and the total angle through 
Which the central ray is deflected. 

J With this method of Shaping the pole 
piece, only particles having a certain 
momentum (CH@) and, consequently, a certain 
radius of path in the Elven tield (the 
path radius for which the pole piece is 
Shaped) will be brought to a Locus i:4 Dare 
ticles having other values of momentum 
(and, hence, other path radii) will be de- 
focused, since the Shape of the pole piece 
protile 1s arbitrary where they are con- 
cerned. Such "selective" focusing is a 
characteristic common to all Systems cor- 
rected tor aberration. As we know, in an 
Ordinary (un-corrected) wedge-shaped field, 
Just as in.a semicircular field, particles 
having different momenta are focused at 
different points, lying along a straight 
riAe 

The described procedure would lead 
to accurate focusing of widely divergent 
beams if the field in the gap were homo- 
geneous and cut off sharply at the edges 
(dash kine in Fig. 3). The actual field 
distribution in the gap and immediately 
Outside it, as plotted for the central path 
passing through point A and the apex of the 
exit edge, is shown by a) in Fig. 3. 

The field distribution can be improved 
by the use of compensating plates in the 
gap (near the edges) and shielding windows 
outside the gap to attenuate the fringing 
field.) (1tois: obvious, however, that there 


the location 
be selected ar- 


1s no way of converting the actual field distribution a) to the ideal 


(dash line). 


Thus, bringing a shielding window up to the gap in order 


to cut off the leakage field has the effect of changing the f lux distri- 
bution in the magnetic core material and increasing the inhomogeneity 


er the field in. the gap: 


Instead of attempting to obtain an ideal field, 


it is preferable, through appropriate choice of compensating baffles and 
shielding windows, to provide a field configuration such that the fring- 
ing field outside the gap will compensate for the deficiencies in field 
strength inside the gap, i.e., to provide a field distribution satisfy- 


ing the equation 


Hl =\ Hal, (2) 


is the field intensity in the region of homogeneity, J is the 


length of the central path (ray) in the region of the gap and H is the 


actual varying field. 


P The integration iS carried out over the entire path, both inside 
mand outside the gap. The field distribution corrected according to 
this principle is represented by the lower curve, b), in Fig. 3. 
q However, it is difficult to apply tnis principle in practice not 
Byust to the central path but to all the trajectories, particularly 
When the angle of divergence is large. Because of tnis and also due 
pto the effect of various technical factors (inaccuracies in shaping 

the pole faces, misalignment of the two pole pieces, deviation from 
‘parallelism of the magnet surfaces, etc.) the actual focus is snifted 
from the theoretical design point. 
We constructed two variants of an instrument embodying the above 
described principle. The instruments were twin spectrometers intended 
for separating partial B-spectra by the coincidence method. A twin 
"spectrometer of a similar type is briefly described in our earlier 
articlel On the investigation of the complex spectrun of RaB, which 
‘falso shows the spectra and internal conversion lines recorded with 
that instrument. 
. The following procedure was employed to determine the actual loca- 
‘tion of the focus: we investigated narrow beams oriented in different 
‘directions within the confines of the entire acceptance angle of the 
‘instrument in the horizontal plane (30°). Using electrons of known 
energy (the internal conversion electrons of one oi the lines observed 
"in the B-decay of RaB), we determined, from the readings of a ballistic 
‘galvanometer connected to a coil in the magnetic field, the field in- 
"tensity - in arbitrary galvanometer scale units - yielding the maximum 
“count for each beam direction. With the counter (detector) in the 
‘initial position, the readings for the different individual narrow 
beams were different. This indicated that the electrons having the 
“same energy were not all focused on tne detector slit. From the dif- 
“ference in the indications for the different beams we could determine 
in what direction the counter slit had to be displaced to reduce the 
dispersion of readings for the maximum counts. After a series of con- 
“secutive displacements we succeeded in bringing the readings of the 
-galvanometer to the same value - within the limits of the reading error - 
for all investigated orientations of the electron beams. This meant 
that the electrons having the given energy entered the detector siit 
with the same value of the field intensity for all beam angles, i.e., 
that the detector slit was at the focus of the instrument. 
‘The parameters of the first version of our instrument were the fol- 
‘lowing: angle of divergence in the horizontal plane: 2a = 30°, angle 
of divergence in the vertical plane: 2€ = 5°; radius of curvature: 
@ = 12 cm. The line half-width ratio (resolution) was brought down 
to 1.8% (see Fig. 4 in Ref. 13). 
; The theoretical transmission of the instrument computed on the 
basis of the above angles is 0.36%. The actual transmission was deter- 
mined experimentally from the coincidence count, with one branch of the 
twin spectrometer recording the number of internal conversion electrons 
while the other branch registered the continuous spectrum electrons. 
The transmission was computed by means of the following relationship: 

nb Aetgg Ahead 
ie oY a | #, (2) 4 He) . (3) 


where C, is the number of coincidences per unit time, N, is the number 


of internal conversion electrons detected in one branch of the twin 
spectrometer, %, 18 the solid angle accepted by the branch recording 
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the 8-decay electrons (i.e., the transmission), &_ is the efficiency 
of tne electron detector and k 1S an pepaciasaieily determined correc- 
tion factor taking into account absorption of electrons by the counter 
F, (Ig) d (IIe) 
\ (le) d le) is the ratio of the number of electrons 
of the partial spectrum in question recorded with the given field in- 
tensity to the total number of electrons of the said spectrum and is 
determined from tne known line half-width for the particular branch of 
the spectrometer detecting the B-decay electrons and from the recorded 
coincidence spectrun. 

Tne experimentally determined transmission of the instrument proved 
to bew, = 0.3% (a somewnat lower value - 0.25% - was indicated in Ref. 
13). The experimentally determined transmission is somewhat lower than 
ihe theoretical value (0.36%); the reason for this will be explained 
below. It is worth noting that the described method of finding the 
transmission experimentally does not require a source of accurately 
known activity; the error in determining the transmission should not 
exceed 3-5%. 

In order to evaluate the effectiveness of the method of focusing 
employed one might compare, the resolution obtained by us (1.8%) with 
the resolution which would be obtained with a conventional spectrometer 
with the same angle of beam divergence. ' 

Using equation (1) and the relationship ( = 4 sinw (self-evident 
from Fig. 1), the width of the image of a point source with angles of 
divergence of 2a in the horizontal plane and 2€ in the vertical plane 


can be described by 


window. Nhe traction 


S =p (at<- 27), (4) 


which 1s identical with the corresponding expression tor semicircular 
focusing. If the width of the slit is taken equal to the width of the 
image, the relative half-width of the line (width at half-maximum for 
a line having an approximately triangular shape) will be 


A (ff) S' = 6 : 
= ITs aT i + < P) C3) 
With our conditions (2a = 30° and 2€ = 5°) this gives a value for 


tne haift-width equai to 7% aS against the vaiue ol 1.6% obtained by us. 


Tne design ot tne instrument just described does not take 1nto 
account the etfect of verticai focuSing in the region of the fieia 
edges. This etfect 1s connected with the fact that»due to fringing 
(barrei-iike “bulging” of tne field at tne gap edges) tne ftieid vector 
acquires a horizontai component which defiects eiectrons moving in the 
horizontal piane towards tne verticai. AS Knurgin+4 snowed, tne tocal 
distunce of a cyiindricai liens equivalent to the "buigihe boundaries 


of the magnetic fieid 1s given by 


F = CGS, (0) 


where @ is the radius of the path and f is the angie between the direc- 
tion of motion of the particie outside the fieid and tne normai to the 
fieid boundary. Depeuding ‘on the sign of y the particie_is deflected 
either towards tne centrai plane petween tne pole pieces (focusing) or 
away irom 1t Poet oOcusiug), [his is tne reason for the smail discrepancy 
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between the tneoretical and experimental values 
of the transmission mentioned above. In their 
paSsage through the deflecting field of the 
instrument tne particies encounter two such 
Cylindricai ienses, corresponding to the two 
boundaries of the magnetic field. 

In the second version of our instrunent 
the transmission was raised further by increas- 
ing tne angles in the horizontal and vertical 
Fig. 4. Vertical focus- planes (to 2a = 459 and 2€ = 109) and by taking 


ing effect. Path of into account tne vertical focusing effect. 
rayS in the horizontai It will be seen from equation (6) that 
Symmetry plane. , the focal distance varies with the angle p - 


One could try to bring both tocal points (hori- 
zontal and vertical) for the first lense into coincidence by Shaping the 
entry face so that the angle f for all rays emitted from the source 
would be the same. However, without reducing the desired large angie 
of divergence in the horizontal plane this would lead to an excessive 
increase in the dimensions of the pole pieces and, consequently, of the 
entire magnet. Moreover, the shape of an exit edge designed according 
to the above-described method proves to be extremely conplicated and 
results in a great diversity of vaiues of # for the exit edge and, hence, 
in an appreciable dispersion of the focai distances for the second cy- 
lindrical lens. It must aiso be noted tnat equation (6) is approximate 
and yields somewhat distonted values of the focai distance particularly 
for large angles Y-. For all these reasons it was deemed preferable to 
allow for the vertical effect only to the extent of enlarging the counter 
Slit to insure detection of all the electrons, including those "defoc- 
used" by the vertical effect. 2 

Fig. 5 shows the Shape of the 
pole piece and the location of the 
source §, the focus A, tne shielding 
windows of Armco iron ej; and eg and 
the compensating plates Kk; and kg 
attached to the pole pieces inside 
the gap. The entry edge of the pole 
pleces( is a cireculdrrare ‘and, the 
paths of the particles arriving from 
the source are normal to it; conse- 
quently, the particles are not subject 
to vertical deflection (according. to 
equation (6), the focal distance in 


a 3 this case is onfinitel- 1.605 theztisec 
Sees enape of pole piece and jens is absent). The focus is lo- 
location of the correcting com- cated on the straight line passing 


popents in the high transmission througn the source and the apex P at 

spectrometer. a distance AP equal to twice SP; this 

-* distance ads. sufficiently. great to in= 

» sure the reasonable smoothness and low curvature of the exit edge neces- 

~-sary to minimize the variation in p for the exit,lens. We computed the 

focal distances and locations of the image tor the various paths (accord- 
ing to the thin lens formula) and plotted the trajectories in the vert- 
ical plane. The width of tne detector slit was determined on the basis 
of the path subject to the greatest deflection away from tne horizontal 
plane of symmetry. 
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Displacement of the counter, which is wholly enciosed in the 
counter chamber in this version of the instrument, 1S accomplished 
by means ot a special wormn-gear mechanism, controlled from the out- 


'Side through a Wilson seal and designed to move the counter carriage 


in two mutually perpendicular directions. Tne displacements are in- 
dicated on two suitable scales. 
For the final LOCUSIDe 1 haad— 
NV dition to snifting tne counter, we 
also used the procedure described 
below, based on modifying the sec- 
tion of the tringing field at the 
exlt face, between the face itself 
and the shielding window. Satisfac- 
tory focusing couid not be achieved 
by displacement of the counter alone 
(as described above) in view of the 
increased angles of beam divergence 
ln both planes and the increased path 
length of the beam after leaving the 
19% hey magnet (distance AP, Fig. 5). Inac- 
aie curacies in the fabrication and as- 
sembly of the magnet and departures 
from the conditions prescribed by 
equation (2) have a much more appre- 
clable effect in the second version 
of the instrument (as compared with 
the tirst) because of the increased 
divergence angles and extended path 


25+ 


20 


15 


ial fength. By carefully tollowing the 
| variation of the intensity (counting 
Ps RS rate) tor the selected conversion line 
. With the readings of the ballistic 
4 i . galvanometer with different narrow 


beams we.were able to adjust the con- 
, figuration of the fringing field by 
| gradual tiling of the edge of the 
SaPig. 6. F line of radioactive Shielding window next to the gap so} 
thorium precipitate, obtained as to bring all the narrow beams to 
m=) With entry slit fully open; the slit with the requisite precision. 
=) With only middle third of Hence, in the case of the second ver- 
Slit length open. sion of the instrument the focusing 
procedure comprised two Stages: 1) 
determining the optimum position of the counter (as with the first ver- 
Sion) and 2) refining the distribution of the fringing field. The instru-— 
ment is designed so that the shielding window can easily be demountec 
for filing after disconnecting the counter chamber which is LASER ee to 
the main chamber of the instrunent by means of bolts. and rubber gaskets. 
How much easier the adjustment is in the case of our instrument - as 
compared with other improved-focusing spectrometers Arent re 
plete disassembly of tne entire magnet and repeated grinding of a _the 
Surfaces of both pole pieces - 1s evinced by the fact that. our PEROESY 
demounted shielding box weighs only one and a haif kilograms Se 
G@asily be clamped in a vise; the edge can be cut down with an ordinary 


file. 
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The dine half-width sepurated 


Without difficulty in several instru- 


2.0%. Fig. 6a shows one of the in- 
ternal conversion lines of a radio- 
active precipitate of tnorium (the 
F line) recorded using tne full 
angles of divergence. The trans- 
milSSion, determined as before using 
the coincidence metnod with a twin 


of the two divergence angies. 

In order to caiculate the haif-width of the iine resolved by a 
wedge spectrometer without correction tor aberration, for the given 
vaiues ot the divergence angles, one shouid use tne following equation 
for tne generai case of asymmetricai transmission through a wedge- 
Shaped fieid, derived trom tne theory ot wedge-field spectrometers 


(see Fig. 7): 


az? /sin?® . Sly? + 
isis. Git aan, | (7) 
rn Our case; where AP = 2PS = 24 (Fig. -5), .it_is:. evident that 
o= asin? = 2a Sin x (8) 
and #5) 
sing =. (9) 


Taking (8) and (9) into account the expression for the dispersion 


p=a 229 (sin0 + sin), (10) 
can- be Simplified to 
5 
ee Cis 


Finally, invoking the following expression from electron optics 


A(Hp)_ (12) 


Hp D’ 
we obtain for a Slit width equal to the image width 


A (He) _ 28 a : (a? +- £2), (13) 


Ho Do 


For the angles used in the described version of the instrument 
this expression yields a line half-width of about 13% [1 .3% Oye, 


Thus it will be seen that the procedure and methods employed made 


ments of this type amounts to 1.9 - 


Page «06 Diagram pertaining to spectrometer, consisting of two in- 
the spherical aberration equa- Struments of this type, was found to 
t10n tor aSymmetricaily located be 1.08%, which is in good agreement 
source and limage. With tne value computed on the basis 


it possible to bring the transmission of the instrument with transverse 
focusing to the level characteristic of spectrometers with longitudinal 


focusing and yet retain a resolution appreciably better than obtaining 
in ordinary wedge spectrometers with uncorrected aberration. 


a 
an 
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Examination of the data on Spectrometers summarized in Ref. 4, 
Which-lists most instruments described in Scientific literature up to 
1951, shows that as regards intensity our instrument 1S superior by 
at least one-two orders Of magnitude to all fourteen of the transverse 
focusing instruments listed 
twenty-five spectrometers with longitudinal focusing have a higher 
transmission; five of these seven have lower resolution. 

We venture to introduce another quantity which may be useful in 
characterizing Spectrometers; the ratio of the transmission to the 
resolved line half-width, CG = w/, » Which one might call the "quality" 
or Q-value of the Spectrometer. Obviously this ratio cannot be used 
alone to characterize a Spectrometer in every case since, as was pointed 
Out in the introduction to the present article, the actual values of 
the transmission or of the resolution may be of paramount importance 
‘in different investigations. However, the ratio is indicative in the 
sense that it characterizes conjunction of the two conflicting proper- 
ties of beta-spectrometers: the intensity and the resolution. Of the 
thirty-nine spectrometers listed in the table of Ref. 4, only six have 
a higher Q-value than our instrument. 


CO ee ae ee ee ee 


4. Possibilities ot Further Improvement in Focusing 
nn ea ee LOE 


The parameters obtained in our instrument are by no means tne 
limiting Values. With the attained transmission (1.08%), an appre- 
Ciable reduction in the resolvable line half-width is Stilbl.possible. 
The width of the entry siit of the counter, on which the beam was 
focused, was 6 mn. Obviously, with more careful and painstaking ad- 
jJustment the beam can be focused on a narrower slit. The focusing 


intensity of the line (with the given narrow beam orientation) will 
produce a full-scale deflection of the galvanometer. 

2 Furthermore, it is known that even in spectrometers with semicir-— 
cular focusing in a homogeneous field the image of a line source is 

» curved. The curvature should be even greater in our case where the 

_ field distribution in the different horizontal planes is Obviously 

- non-uniform (in the region of the magnet edges). Hence, in using a 

_ rectilinear detector slit, which in our case is 120 mm long, we Clearly 
| fail to obtain the best focusing. Actually, the focal line may be 
curved in a complicated manner; from certain considerations it follows 
_ that the focal line does not lie in a plane normal to the-ceéentraloray. 
_ However, it should be possible to improve the focusing considerably 
even by taking into account the Curvature of the focal line only in 
this normal plane. Fig. 6b shows the same line as in Pigs “Gasbutraps 
- tained with Only the central third of the entire counter siit lengtn 

- uncovered. It wili be seen that the half-width of the line is reduced 
to 1.2%, which is consistent with the considerations educed above. 
The shape of the focus line can be investigated either photographically 
or by means of a fluorescent screen (if the source 1s sufficiently. in- 
_ tense) or, finally, by making electron counts for individual sections 
Poof the slit area. 
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S. Construction of the Spectrometer 
a eet rede ag oe aan aiescncee lies thas xk, 


The spectrometer chamber 1s diagrammed in Fig. &. It comprises 
three parts: a) the Source chamber, b) the beam-deflection Chamber, 
and c) the counter chamber. A 
The source in the form Of a luyer of active material deposited 

On a Strip of aluminum foil Or Zapon fiim is mounted in a special 
means of a cylindrical stub, entering 

of tne source chamber. The emitter 
frame iS surrounded by two coaxial Cylinders of plexiglass. The 
- Wide enough to pass the entire beam, 
While the inner cylinder, friction 
fitted into tne outer one, has two slits: 
a wide and a narrow one. When the in- 
Strument is being adjusted (focused) 

by the method described above, the nar- 
row slit of the inner cylinder is set 
in line with the middle of the wide 
Slit in the outer cylinder. A crank 
Operated gear train connects to the 
Outer cylinder; thus by turning the 
Crank both cylinders can be revolved 

to set the narrow slit in various po- 
Sitions and obtain the variously ori— 
ented narrow beams. The angles of ro- 
tation are indicated by a pointer mov- 
ing over an appropriate scale on the 
cover of the source chamber. In making 
measurements with the full-width bean, 
both wide siits are aligned at the mid- 
dle setting... The first Shielding win- 
dow of Armco iron is also located in 


Fig. 8. Diagram of the spec- the source chamber. The chamber design 
trometer: a) source chamber, has provision for Changing emitters 

b) deflection chamber, c) Without loss of vacuun. ; 
counter chamber, d) detector After passing through the Shielding 
“Carriage, e) magnet core, Window and the "aperture diaphragn" 

nf) plexiglass cylinders, § - (first defining slit) the beam enters 
source. the deflection chamber where there are 


a number of auxiliary diaphragms (baf- 
fles) whose location and dimensions are determined by the geometry of 
the beam. In order to keep the vertical angle sufficiently great with- 
‘out increaSing the air gap the bottom and top of the chamber are formed 
‘by the inner sections of the Armco-iron pole pieces, which are attached 
‘directly to the sidewalls of the chamber. A seal is provided by rubber 
gaskets. The height of the deflection chamber at the center (between 
‘the poles) is 52 mm; in the section of the compensating plates, the 
heig 8 mm. ; 

—.... oe deflection chamber, the beam enters the counter chamber; 
‘as already noted the chamber is bolted to the Spectroneter, with a rub- 
ber gasket joint, and can readily be detached from the deflection cham- 
ber. The second shielding Window, although located in the counter 
Mhamber, is actually mounted in a groove machined in a brass Flange, 
maattached to the magnet and protruding from the deflection chamber. rhe 
Counter carriage, which iS operated from outside the chamber, has pro- 


Y¥ision for mounting either a Silt-type gas-discharge (G-M) counter or 
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B: fa diaphragm with an entry slit backed by a thin layer of scintillat- 
ing material coated on a light-conductor bearing against a quartz 

_ Window. 
a The photomultiplier tube, which is set with its cathode against 

_ the outside of the quartz window, is mounted in a mugnetic shield 

_ consisting of three coaxial cylinders of Armco iron. The carriage 

» control mechanism is mounted on a side wall of the counter chamber. 

' The C-shaped magnet core is assembled of Arnco iron. The weight of 

» the iron in the core is 260 kg; the weight of the copper, 200 kg. 

» The winding consists of 35,000 turns of 2 mm diameter wire. The wind- 
» ing was designed to permit using a low-current power supply. This 

» made it possible to use a vacuun-tube current stabilizer instead of 

_ bulky storage batteries which have to be connected through « buffer 
pan order to stabilize the current. For example, with this winding 

_ current of only 100 ma is required to focus 2 Mev electrons. 

F The writer wishes to express his gratitude to I. M. Belousov and 
© G. M. Obraturov, graduate students at the "M. 1. Kalinin" Leningrad 

_ Polytechnical Institute, for their assistance in adjusting the instru- 
- ments. 
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THE RITRON - A GAMMA-SPECTROMETER UTILIZING RECOIL ELECTRONS* 
- B. S. Dzhelepov, N. N. Zhukovski and Iu. V. Khol'nov 


i ig Introduct1Lon 


Gamma-spectroscopy must be based on one of the following forms 
of interaction of gamma-rays witn matter: classical scattering of the 
Y-rays, Compton scattering, the photoeffect, pair formation or photo- 
disintegration of nuclei. All these effects or processes are utilized 
to some extent for spectrometric purposes, but their fields of appli- 
cation differ inasmuch as the probability of each varies markedly but 
in different ways with the energy of the gamna-quanta. 

Classical scattering and the photoeffect can be utilized only in 
the low energy region - principally beiow 0.05 Mev; pair formation and 
photodisintegration (nuclear photoeffect) are used only at high ener- 
gies - in practice, above 3 Mev. In the intermediate region (0.4-3.0 
Mev) the predominant form of the interaction of gamma-radiation with 
matter is the Compton effect. More than half of all the known lines 
Characteristic of radioactive substances lie in this intermediate 
region. Hence, the importance of developing spectronetric methods 
based on the Compton effect is evident. 

It may be noted that the theory of Compton scattering is more 
fully developed than the theories of the other interaction processes. 
This facilitates tne design of spectrometers for this region of the 
ganme-Spectrum and creates a climate favorable to the solution of the 


-most difficult problem in spectrometry, namely, accurate determination 


of the relative intensities of the spectral lines. 

The first investigation of gamma-spectra utilizing recoil elec- 
trons wes carried out back in 1927 by Skobel'tsynl who measured the 
energies of recoil electrons ejected by the ganma-rays of RaC in a 
Wilson chamber_located in a magnetic field. In 1940-41 Latishev and 
his co-workers“ measured the energies of recoil electrons using a con- 
ventional magnetic spectrometer with a homogeneous transverse field. 
The target was a ae strip of styrol (CoHg), having a superficial 
density of 23 mg/cm The instrunent had a low intensity and conse- 
quently only the gamma-spectra of RaC and Th (¢tc") were investigated. 
Subsequently, 2 number of other investigators used the same method 
with some modification of the field distribution. 

In 1948 Dzhelepov and Orbeli® developed a new method of focusing 
recoil ent ah) ang ihe aed 1 beta gE an ene Eruneas by means of which the 
spectra of Co 60, Ag! ; F Br82, csl34 and cuo4 (Refs. 6 
through 12) were later te ae However, to date, no full descrip- 
tion of the instrument and its properties has been published. The 
present communication is intended to fill the gap. 

In addition to the above, there have been many investigations}3 
in which the energy distribution of recoil electrons from thick emitters 


* The present paper is based on reports presented as sessions of the 
Acadeny of Sciences of the USS&. 
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Was studied. While certain conclusions regarding the gamma-lines 


can bé drawn on the basis of such distribution curves, these inves- 
tigations cannot properly be regarded as spectrometric. For the sake 
of completeness, we should also mention here gamna-spectrometers con- 
Sisting of two scintillation counters, one of which detects recoil 
electrons, the other scattered photonsl4, 4 positive feature of such 
Spectrometers is their high transmission; a Shortcoming is their low 
resolution. 


2. Principle of Operation of the Ritron 
$$$ Ee ES EON 


Assume we have a parallel beam of monoenergetic gamma-rays in- 
pinging ona very thin target of light material (Fig <li’ Get tue 
first consider the case of recoil 
electrons ejected in-the plane’ of 
the drawing; in the xubsence of a 


lel beams of particles having dif- 
ferent energies. The fastest elec- 
trons will be those ejected forward 
in the direction of the incident 
photons. 

Target Now if a homogeneous magnetic 
field perpendiculur to the plane of 
drawing is applied, the parallel 
beams of recoil electrons will be 
focused); not at: points. but at cer— 
tain focal lines or segnents which 
We Wadd) termfock. 

The width of the focus [ieee 
the length of the focal line/ will 
\ depend on the radius of curvature 
Fig. 1. Focusing of recoil of the electron paths, the width of 


~ 
elt bth 
Plianiayy 
verttrryy 


Pett a 
Me 90 fe lo el 


- electrons ejected directly the target (radiator), and angle of. 


forward. emission of the recoil electrons. 


The narrowest focus will be thet for 


the electrons ejected directly for- 


ward. Let us locate a slit with a suitable electron detector (counter) 


- behind it at this focus. Then let us vary the intensity of the mag 
Se metic field and at the same time count the number of pulses of the de- 
tector; as a result we will obtain a peak, 1d.e.,. a ‘spectral .ine™ of 


the form shown in Fig. 2. Let H_ be the intensity of the field: at which 


be electrons ejected directly forward (i.e., in line with the incident 


photons) enter the slit along a path normal to its surface and just 


grazing its outer edge. 


4 Some of the recoil electrons ejected at. other angles may enter the 
slit even with fields slightly exceeding Hj: However, the major part 


' of the recoil electrons will enter the slit.only at fields weaker than 
b Hos this major group will comprise electrons ejected in the plane of 


the figure in the direction of the slit as well as most electrons ejec- 


' ted at some angle to the plane of the drawing. Our line will, there- 
p fore, have a "tail" in the region of lower field intensities. 


Although by means of such a sinple instrument it is feasible to 


» determine the energy of the recoil electrons and, hence, of the photon 


; energies from the peak or break in the line, it is obvious tnat tne 


nagnetic field they will forn, paral- 


Se 
; 
“i 
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Spectroscopic qualities of such an 
instrument are poor: the long "tails" 
will hamper the investigation of more 
complex gamma-spectra. Every tail 
will include electrons of diverse 

J energies and will extend down to very 
low values of the field intensity. 

The intensity of the "tail" por- 

tion of the line can be reduced con- 
Siderably by refocusing the electron 
beams 180° after the first focusing 

Fig. 2. Shape of spectral line (see Fig. 3). To this end we locate 


Count 


obtained in recording recoil a second slit at the second focus and 
electrons with one counter. move the counter to behind this slit. 
Ho is the field at which an The shape of the line we now obtain 
electron ejected along the will be more favorable for detailed 
normal to the center of the investigations; it will resemble the 
target is brought to the out- experimental curvés shown in Fig. 8 
er edge of the slit. below. 


Use of the second slit does not 
reduce the transmission of the instrument where the electrons ejected 
directly forward are concerned, but does diminish the transmission of 
electrons emitted at other angles. It will be noted that all the elec- 
trons entering the second slit do so after passing through the first. 
Hence, if we leave the (first) counter 
behind the first slit in place, but 
make it transparent to electrons, all 
the electrons detected by the second 
counter will also be detected by the 
first (but, naturally, not vice versa). 

By recording the coincidences in 
the two counters we can virtually 
eliminate background counts, since the 
coincidence background is very weak 
| | for two widely separated counters. 


3. Description of the Gamma- } 


ing instrument: 1) first counter; re Be rama 
2) second counter. Chamber 


The chamber of the spectrometer 
consists of a brass box measuring 20 x 20 x 8 cm. The front wall of 
the chamber has a window 1 (see Fig. 4) over which a copper foil 50yu 
thick is soldered. The gamma-rays enter the chamber through this win- 
dow, strike the thin cellophane target 2 and eject recoil electrons 

it. 
pee The target is cemented over an aluminum frame larger than the cross 
section of the collimated gamma-ray beam. ~The frame is mounted on a 
Sliding support 3 passing through the side wall of the chamber. By 
means of this support the target can be moved to the bottom of the cham- 
ber, out of the path of the beam; this is necessary for measuring the 
round. 

one uve passing through the target emerge to the outside through 
the back wall 10 of the instrument (made of 0.1 mm thick brass). The 
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top cover of the instrument is removable; it. iitls 1ilo 
sroove and is fastened by screws. Tne diaphrégus (defining s 
4 and 5 and the counters 6 and 7 are nounted on this cover, The 
diaphragms and counters can be demounted ond replaced without re 


+ 


ing the target. 
-| The central shielding block ll of lead-clad 
iary block 12 of lead and the baffles 8 ure attached to the floor oi 


tungsten, an auxil- 


The inside surface of the instrument 15 lined with celluloid 
inimize electron scattering. 


7 


7 
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4. Horizontal section diegran. of the wxitron: 

1) window, 2) target, 3) slid- 
4 and 5) wain diaparagns (slits), 6 ang 7) 
ng baffles, 9) gas-line 

and 12) shield- 


Fig. 
S) Source of gatla-rays, 
B ing support, 
ae, counters, 8) auxiliary defini 
4 . mipples, 10) back wall of instrument, ll 
ing blocks, 13): collimutor. 


Size and location Of Seis 
gi26 ant 


With the main slits covering the counters set at their normal 


idth (2 mm) the electron beam 


’ 
Ane et ei 


and ll cm distant from each other. 


4 vie of the slits are parallel : 
-~ is termed tue design radius of tne in- 
below in our calculations 


- Half this distance - 5.0 cm 
 strument; this parameter will be encountered be 
of the line shape and the transmission of the instrument. 
The width of the main (counter) slits can be varied 


8 mm, while their height may be either 46 or 


between: l 


main slits are set at 2 in, 
from the beam, thereby minimizing scattering. 
Opened much wider than the normal setting, 


limit the beam section. 


When the main slits 


Counters 
ene a 


The counters employed in the instrument (6 and 7, Fig. 4) are 
r-MUll¢r counters, 1.2 cm in diameter and 


ordinary cylindrical Geige 


ane 


Wing the top cover. The latter hus to be taken off only for chang- 


‘the chamber. : 
: je. 


is, defined by these slits. The outer 


54 mm. In addition to 

the main defining slits in front of the courters the instrument also 

has a number of aluminum baffles which do not limit the beam wuen the 
but serve only to trap electrons straying 


these baffles do partially 


ee 
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6 cm in length. Prior to the summer of 1953 the counter windows were 
made of 17 w thick cellophane, with the inside Suriuce lightly coated 
With atomized bismuth. In more .recent experiments the cellophane film 
has been reduced in thickness to 1-2 u. ” 

When the instrument is in Operation the pressure in the chiunber 
and in the counters is the Same, hence the cylindrical envelopes of 
the counters are not deformed. Tne counter filaments (anodes) 


eB) Ge 
made of tungsten wire 80 u in dlaneter. The background count +ot, the 
counters is about 40 pulses per min. 
When the counters are filled With ait.at 11.2 om He the counter 
threshold lies at about 148U volts ond the width of the plateau is 


about 100 volts. When filled with helium at a pressure of 32 cy Hg, 
‘the threshold voltage was found to be around 1200 volts and the pla- 
teau width about. 200 volts. (It is possible that the heliun used in 


these tests was contaminated Dy organic gas liberated from the cello- 
Phane and the cenent used to attach the cellophane. When tne counters 
were filled with a mixture of He (3l cm Hg) -and CH4(1.2 cm Hg), the 
threshold voltage was 1500-1550 volts and the plateau had a width of 
about 200 volts with a Slope of 1% per 100 volts at a pulsing rate of 
500 per min. 

In working with counters filled with "pure" helium it was found 
that the threshold voltage is very sensitive to even mwinute admixtures 
of air. Even an air leak too slow to Snow On the manometer over 4 
period of 24 hours is capable of raising the threshold voltage appre- 
ciably and render a counter Operating necr the threshold lnoperative. 


Vacuum system 


The chamber is sealed off from the atmosphere by gaskets and 
packings of "plastilin" and picein (the latter was used Only for the 
leads from the counter filaments). The vacuun system pernits filling 
the chamber with two gases; it comprises a "vscuum fan" - - Small 
blower - which can be rotated by an external alternating magnetic 
field, thus inducing a slow circulation of the gaseous mixture filling 
the chamber. 


Composition of gas in the chanber and counters 
aa 


In the first experiments? both the instrument and the counters 
were filled with Ordinary air at a pressure of 11.2 cm Hg. The effi- 
ciency of the two counters, connected in a coincidence circuit, attained 
95% (assuming the specific ionization DESare for relativistic eleetrans 
to be 21 ion pairs per centimeter of path) Pe ee Gis air at Il 2 em -He 
filling the systen,the electrons were subject to appreciable scatter- 
ing in travelling through the chamber. eos | | 

In the next series of experiments the air was replaced by 
helium at 32 cm Hg. The efficiency ‘of the counters in detecting re- 
lativistic electrons was reduced only Slightly = to 8 % (it being vas 
Sumed that relativistic electrons produce 5.02 primary ion peirs Her 
centimeter of path in helium at Standard atmospheric pressure)+©, How- 
ever, electron scattering was oketalubier Tit reduced. AS a result, the 
number of pulses at the peak of the CoYw line, other conditions remain- 
i s doubled. . 
its Beis iatcce series of tests a new mixture, consisting of helium 
ata partial pressure of 31 cm Hg and methane at 1.2 cm Hg, was used 
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to enhance the stability of © 
the counters. This picks A, 


tiavistic eleetroue: as rega 
electron Scattering, | Atiiss 


= equivalent to pure helium a 
P 32 cm Hg pressure. ee 
5 The efficiency of the 
a counters when connected bei 
il | 
200 300 600 500600 70 800 O00 1000 

ee aeveckede ‘This factor agri 
Fig. 5. Variation of coincidence taken into: account when de 
counter efficiency with electron mining the relative intens 
energy: a) counters filled with of ganma-lines. Fig. 5 sh 
pure helium’ at 32 cn Hg; b) counters the variation of the ef f ic ne 
filled with mixture of helium (31 cm With electron energy in the 20 
Hg) and methane (1.2 cn Hg). to 1000 kev -Fyange (above 1000 


and renains virtually con tan 

aS computed according to Ref. 16 for two of the above media: a) for 
pure heliun at 32 cm Hg and b) for the mixture of helium (31) em: 
and methane (1.2 cm Hg). . APES 

Curves similar’ to those shown in Fig. 5 were also plotted for 

other gas pressures. Lowering the gas pressure in ‘the instrument 

duces the efficiency of the counters. . 


Coincidence circuit 


Pulses from. the G-M tubes are fed into a coincidence amplifier 
circuit having a resolution time of 1.2°10-© sec. 

Thus when the counter load is around -:1000 pulses/min, the rendon 
coincidence background is 0.04 coincidences/min. The above load is: 
obtained when a 0.4 curie source of radium and its decay products are 
pleced in the collimator. The normal rate in observing gamma- ~radia= 
tion amounts to tens or hundreds of coincidences per minute. 

In working with weak specimens it is essential to reduce falas 
coincidences due to extraneous electric factors to an absolute minimum 
In order to elininate such false-counts a) the amplifier and its power. 
supply were thoroughly shielded, and b) a third counter unit, coupled 
to a small antenna, was connected to’ the coincidence circuit in anti=; 
coincidence; \thus only events where both G-M counters are triggered, 
but an antenna pulse is absent, are recorded. | 

AS a result of these measures accidental coincidences were vir- 
tually obviated: in the absence of a gamma-ray source the count is 
nearly constant at 1-2 coincidences per hour. This feeble background 
is presumably due to cosmic rays and, of course, is only a few thou- 
sandths,or at most hundredths, of the coincidence rate for gamma-lines. 


CollLimator 


As may be seen in Fig. 4, the source is located outside the in- 
strunent proper. To prevent stray gamma-rays from reaching -the counters 
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and producing accidental cOincidences, the source is placed in a 
Special collimator!3 which permits only a narrow bean of gamma-rays 
to pass through the instrument. 

| Under the standard c ditions, under which the gamna-spectra 
of coed. Agl10, ped) Spied Br82, ¢sl34 ang cued (Refs. on a 9. 
10, 11 and 12, resp.) were investigated the source is located at a 
distance of 31-32 cm fron the target. 

The collimator consists of a large block of lead-clad tungsten 
with a central channel 1.5 cm in diameter and 20 cm in length. The 
eagarce 18 placed at 1 cm from the entrance to the channel, in a small 
well measuring 5 x 10 x 10 cn. The well is surrounded on all sides 
by a considerable thickness of lead. 

This collimator and the Shielding blocks located inside the in- 
strument provide the equivalent of more than 27 cm of lead in the way 
of shielding along the direct line from source to counters (actually 
the equivalent of 38.5 for the first counter and 27.4 for the second). 
- With this thickness of Shielding the nost pénetrating rays. from 2onc” 
(2.62 Mev) Should be attenuated by a factor of 104, 


Labple of 


Load on Counters Due to Gamma-kays (Discharges per Minute) . 


Activity First counter Second counter 
of mat. 2 OES i Gar pee ee 


The expected counting rates ‘of the first and second counters 
with ThC" (hy = 2.62 Mev) and Co% (hy = 1.17 Mev and 1.31 Mev) are 
Shown in Table 1. The listed values were calculated on the basis of 
the values of Ta » Oy and fy taken fron Davisson and Evansl7, uSing 
approxinate evaiuations of the efficiency of the counters. The ob- 
served values are shown in the adjacent colunns. It will be seen that 
the second counter records the direct rayS within 25% of the computed 
value. On the other hand the first counter yields a count several 
hundredfold greater than tne calculated. This shows that a major 
portion of its load is due to seamina-Yrays and electrons scattered fron, 
the edges of the collimator, the gas in the instrunent, the back wall 
of the spectroneter, etc. 


Size and shape of the source 
oe ton ent teicat tc) ako. Tita Na Sao i onal assed 


Gaima-ray sources of various forms were used, depending on. the 


amount of radioactive material available. the hardness of the gamni-. 
radiation and absorption coefficient Of, source material. 

In the case of materials with a high Specilic eectivity (iar ex- 
ample, Thc" and csl 4) the source was prepared -in-the shape of a cyl- 


inder 4-5 mm in diameter. Experiments showed that in such ecuses pre- 
cise positioning of the source is not essentisl (see Table 5 below). 


In the case of kneel ee: materials, large ‘aounts ha 
used; in these cases the materixl (for example, ety u°? ani 
was packed in a soldered tube, 15 mm in outside diameter 
line of the collimator channel) and 6-7 cm-in length. 
sions of the source led to broadening of the spec ner 
reduction of the intensity. 


the eeetees to fhe extent of nore one 1% an appeOE ee 
tion (different for different gammu-ray energies): must. be 
The correction factor is taken from SAPh SF of denies < 

sorption coefficients. - : 


Magnetic field distribution — 


the pe of ‘the C- ses ahead magnet (i.e., in. the region. “of 
meter) decreased slightiy in the x direction (see Fig’. 6) 
graphy of the field was surveyed with a long a nd narrow. 
coil and fluxmeter. The results are shown in Fig. 7: th 
hatched circle on the left: (2) is the target spot while the. 
on the rignt indicates the cross section of the widest: Part. 
beam . 


Fig. 6. Magnet and chamber 


the chamber. 1) position of Wideee 
part of electron beam after first 
slit relative to magnetic Baie dis. 
tribution. 


In the region of the extreme paths utilized (extreme outer point of 
target) the field intensity is 1.5% less than in the main part of. the 
instrument. . 


Measurements of the magnetic field 
Cr Or Orr rOvmYvxROrOememm 


Conventional measurements of the field intensity were made witht 
nm slip oon) and fluxmeter to gain a general idea of the field strong ene 


\ 
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For the uctuil experinentas work the LuStrunent Wis c.librited 
with reference to guuna-lines of accur: tely KnOWn energies, i.e., 
a Calibration curve of pctentioneter readlngs at tne observed nixini 
(peak coincidence counts) uBulnust the photon euergies was plotted. 
[his metnod elinineted most of the SysStenatic errors; it is discussed 


in more detail below under Section 3. 
M@,nuel power Supply 


Storage batteries were used to Supply current for the mugnet. 

A compensating circuit with a KMS-t resistance box and «a galvanometer 
made it possible to maintain the current constant within +0.002 an- 
peres; a U.U1]1 anpere change in the current produced a deflection of 

Oo graduations on the galvanoneter scele. 

In the wain Operating range (h¥Y = 0.5 to 2.0 Mev) the field in- 
tensity varies lineurly with the current. Above 2 Mev some deviation 
from linearity is observed and at 3 Mev the field is 5% weaker than 
it snould be according to the linear law. ActUally, tuis is of little 
import since, as noted above, the lustrument was calibrated with ref- 
erence to known gamiua-lines. 

To Obtain tne identical field strength at the same current set- 
ting, One wust, of course, reach the given point via the same partic- 
ular hysteresis loop. Hence, the following cycle was always adhered < 
to in regulating the current during the experiments: 


U— I Sed ae Ch = 3.2 Mev) —> ices oper >. . 
AS a general practice, the cycle was repeated 3-4 tines before start- 
ing measurements. This procedure: insured reproducibility of the mag- 
netic field to within 0.1%. Greater accuracy is not required when 

the half-width of the spectrai lines exceeds 4%. 


4. Shape of the Spectral Lines 


A spectral line produced in our instrument by monoenergetic 
gamma-rays has a "tail" on the low energy side, theoretically extend- 
ing down to He = O. In the case of complex spectra, it is important 
to know the shape of the gamma-lines at different energies in order 
to be able to seyarate the individual peaks. The requisite data can 
be obtained either experimentally or by conputation. 


Experimental data on line shapes 


For experimental investigation of line shapes it is most conven- 
ient to use substances yielding either a single line (Zn©9 and posi- 
tron emitters having no nuclear gamnua-rays) or widely separated lines 
(Na24 and Aul98), 

Inasmuch as gamma-Spectrum studies have been carried out on the 
Ritron over several years and the experinental conditions have been 
changed during this period, the curves given below are arranged in 
accordance with the experimental conditions obtaining at the time of 


observation. 
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' Shape of lines obtained in the 1950-1952 experi 

The gammua-spectra of Co, aglld Fe? spree. aie 
and Cu®4, already described in earlie; communications 
gated under tne following conditions: round target 
about 50 4 thick and 22 mm in diameter; cellphane » 
ers about 17 4% thick; instrument filled with helium 
32 cm Hg; dimensions of both slits 2 x 54 Dilth ge 


The following lines were investigated in order ti 
line Shape: : Si aang ait aa 


hv) = 411.77 kev — qyl98, hy, = 


h¥g = 510.98 kev — annihilation, hv, 

hy, = 1118 key — gn65, © : Dil ey 

These lines are shown in Fig. 8 (solid lines as obt 

the experiments (background Substracted). The abscissa s 
graduated in terms of H€o, where H is the value of the mag 
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Fig. 8. Shape of some experimental li es ob 
the Ritron. Solid lines obtained with 
50 UW thick and slits 2 mm side. Dash line 
beryllium target 0.4 mm thick and slits 7 mm 
and e@, is the design radius of the spectrometer. 
Ritron was calibrated directly with reference to K 
there was no need to measure the field accurately, h 
scale values are only indicative. Fig. 9 shows the 
plotted to a uniform gamma-energy scale. To fac 


the peaks have been brought into line and shif ted along the ordinate 
to separate the curves, 


The variation of the relative 
half-width of lines, AHe/He , with 
H@ is shown by the solid line in Fig. 
10. For plotting this curve, in addi- | 
. tion to the lines of Fi oh 8 ana 
we used the li of » Ag Meee 
Cob0, Fedd, sbi 24 cst and Lal40 — 
the half-widths of which can be accu- 
rately determined. It will be noted 
that the relative half-width reaches’ 
34% at hv = 338 kev, falls off Sharply 
to 7% at 1 Mev, continues to diminish 
Slowly to 5.5% at 1.7 Mev and then re- 
mains constant. 
200 300 +00 500 600 In magnetic beta-spectrometers the | 
Ey. kev relative line half-width AHo/ue /i.e., 
the resolution7 is independent of the | 
Fig. 9. Gamma-lines replotted energy provided the source is sufficiently 
to a uniform energy Scale; thins mn gamma-spectrometers this is ; 
heights of all lines made not the case in general; however, above . 
equal. 1 Mev /the energy-dependence does become 


aluost negligible. a few remarks con- A 
cerning the individual points in Fig. 10 are in order. The resolved 
half-width of the lines depends to some extent on the width of the 
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Fig. 10. Dependence of AHe/He on He. Solid lines | 
for "standard" conditions: 50 MW thick cellophane 

target; 2 mm wide slits. Dash line for 0.4 tm beryl- | 
lium target and 7 mm wide slits. 
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source and this differed for different specimens. The dimensions 
of the Na#4 and cu®4 specimens were particularly large: in view 
of the low specific activity of these materials it was necessary. 
to prepare the source by packing them into a tube 14 mm in diameter. 
Consequently, the points for these sources lie somewhat above thet? 
solid curve in Fig. 10. The sources of the other Substances were — 
about 5 mm in diameter. It is possible that the observed line for. 
Ac228 is exaggerated in width due to the presence of neighboring 
lines of radioactive admixtures. wR cy 
By interpolation of the smoothed out curves of Fig. 9 one Can ee 
plot the shape of the line for any intermediate photon energies. : 
Such interpolated curves were plotted whenever it was necessary to 
separate the components of a complex gamma~-spectrum. adh 


os 


Shape of lines obtained with the beryllium target 
ee 


A number of gamma-spectra comprise lines too weak to allow ae 
investigation under the standard conditions that obtained in the | 
main series of experiments. The transmission of the instrunent had 
to be increased to permit observation of these lines. ie he SS SRu eM GP AY ea, 
To this end the following experimental conditions were selected?) 2.44 
beryllium target 400 u thick; cellophane films 17 p thick over the = 
counters, instrument filled with helium at 32 cm kg, dimensions of 
both slots - 7 x 54 mm. aa 


The gamma- | . 
lines of Aul98) gua 2 | 
nihilation, Zn®°5-and — 
ThC'' were investigated 
under these conditions. 
The results are rep- — 
resented by the dash-- 
lines in Fig. 8. The 
observed lines are, 
naturally, much wider; — 
however, it should be © 
borne in mind that at 
this sacrifice in the — 
sherpness we obtained 
a much higher count- = 
ing rate: for exsupr ay oe | 
in the case of Aut98 ; 
the counting rate at 
the peak was increased 
25 times. The ratio 
of the relative half-: 
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Ki, Gs-cm hp, Gs-cm tions is shown by the 
cae : dash-lines in Fig. 10. 
. : . ; r Lees) ’ " 
Pic. .l. seugle tines of “AG Be A and Thc : 
obtained under the new (1953) conditions “te See eae 

and shorter slits). * 
(thinner counter windows an ) Series Of experineits 


A number of modi- 
fications of the setzup were introduced in 1953 in order to improve 


the spectral characteristics of the instrument in the region of low 
gamma-ray energies: a) the thickness of the cellophane over the counter 
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Windows was reduced fron 17 uw to &@D0ut 1 uw which SubStantially cut 
down the electron scattering in the counters; b) the pure helium at 
32 cn Hg td une 

ea the instrument Was 
repliuced by a mix- 

| ture of 96% heliun 
and 4% wetnane at 

| the same total. pres- 
——— Sure. This stabil- 
a ized tne operation 

| of the counters with 
Only a minor (ebout 
15%) increase in the 


6000 77 aang sarc electron scat tering 
ya, Osan by the gas; c) the 
height (length) of 
Fig. 12. Variation of AHe/He with He under the slits was reduced 
the new conditions. from 54 to 46 mn Since 


high slits tend to 
increase the line 
vLaller >. ; 

The ganma-spectra of Lal 40, Aul 98) Iri92 Euls2 | Eulo4 wi87. 
and As/o were investigated under the new cOnditions. The Single lines 
of Aul , Zn©°Y and Thc" observed under these conditions are reproduced 
oe Fig ll. Ft ‘will be Seen nat ti the hy =. 400 2. 500rkay region 
the line widths were appreciably reduced while in the region of higher 
energies no substantial Change occurred. The dependence of the rela- 
tive half-width on He is shown in Fig. 12. . 

The 411.77 kev line of Au!98 and ‘the 1118 kev line of zn®©5 were 
Studied with particular thoroughness: it was established that the 
“"talils" of these lines actually extend quite far Out but have so low 
an intensity that their presence. does not seriously interfere with the 
Separation of sannma-Sspectra into components. 


Calculated line shapes 


The shape of spectral lines is deternined by the following fac- 
tors: 

1) the energy of the galuma-quanta, | 

2) the relative location and dimensions of the target and de- 
fining slits (i.e., the geometry of the instrument) , 

3) the scattering and slowing-down of the recoil electrons in. 
the target, LTranslator's note: Re: "slowing down": in view of the 
repeated use of the tern below it seenS easier to translate 2c. tite 
than by the round-about "energy loss due to radiation",/7, 

4) the size of the source, and 

5) the scattering and Slowing-down of the recoil electrons in 
the gas filling the instrument and in the film forming the window of 
the first counter. 

Rigorous calculation of the line Shape taking into account the 
Simultaneous effect of all the above factors is unduly complicated. | 
At present, we Only have data on the individual effect of these fac- 

ting separately. 
ae The erence rie shapes were calculated by Khol'nov, without 
taking account of factors 3) and 4) for the following specific geometry 
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~nd dimensions of tne source, target «und slits: a) point source 
located at 32 cm from the target on 4 line normal to the center of shes 
the target, b) circular ta arget 22 mm in diameter, c) radius of cure. 
vature ry the central path (path through center of target) SS mm, 
d) dimensions of first and second Slits .2°x* 54 ag, 
I'ne cale ba tatet oh were wade for photon energies of hy = QO. tis Bp | 
“, 4 ang 7 IigC* (255, Sill, 1022, 2044 and 3577 Kev)... The target. 
Subdivided into il2 gections, ‘each of which was replaced by a: poin 
Situated at the center of the section. The nunber of recoil elec- 
trons ejected frou euch point-section and passing through both sl 
Was computed for 14 different values of the uagnetic field, takin 
intO account the angular and energetic distribution of the elecey 


and tue angle of inc ud 
the gamnia-photons on ark 
section. The data for th 
ferent sections were then 
to obtain a spectral line 
by fourteen points. (47a 

"The resultant "geometric" 
line shapes are shown by the _ 
dash-lines in Fig. 13; a 


and scattering of. recoil 
trons in the target modi 
lines to the shape given 
solid lines. Examiant fe) 


following deductinns 
a) All the lines e 


gles side and a shago an 
side of high cheng 


field somewhat ete 
(the field at which an 
ejected directly forwai 


Fig. 13. Calculated gamma-line 

Shapes: a) oll kev, b) 1122 kev, 4 
c) 2044 kev, d) 3577 kev. bashes grazes the outer eoeee. ‘Of bot 
indicate the "geometric" line slits. The maximum intens y 
Shapes; the solid curves were ob- observed with a field H, exc 
tained taking account of the scat- ing H, by about 1%, when the 
tering and slowing-down of recoil described electron path. pa 


a circle of radius e. 


rp ee 


outer edge of the slit. 
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The "geometric" Shape of the line is of interest i 
resents the "ultimate" shape; that is, 
diffusion of the lines (tnickness of th 
instrument, thickness of the counter 
source) are decreased the actual lin 
"geometric" Shape. 


n that it rep- 
if all the factors producing 

e target, gas pressure in the 
-window film and size of the 

e obtained should approach the 


Effect of multiple Scattering and Slowing-down of 
the recoil electrons in the target 
ee tne target 

In 1954 Khol'nov, Prokhodtseva, 
the line shapes for the same geometri 
count factor 3), i.e., the m 


the recoil electrons in the target (a 
phane, having a superficial density of 6.15 mg/cm“) . 


theory of multiple scatter-- 


due to "bremsstrahlung". 
This separate consideration of the two effects is, of course, an” 


approximation: actually recoil electrons ejected at appreciable 
angles have a lower energy, undergo larger ionization losses and,are 
Subject to greater Scattering that would be indicated by the calcu- 
lations; on the other hand, multiple Scattering increases the elec- 
tron path length in the target and the actual losses increase accord- 
ingly. 

Separate consideration of the two effects snould not involve an 
appreciable error, provided both effects are relatively weak. As may 
be seen from the data of Table 2, this is the case under the condi- : 
tions of interest to us. 


Table 2 


Data On Scattering and Slowing-down of recoil electyons in 
a cellophane film 50 u thick (6 = 6.15 mg/em ) 
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The detailed calculations will be published later. [ne line 
Shapes determined as a reSult of the calculations are shown by tiie 
Beesmemurves in Fig, 13. The 511 kev line was broken off on the 
a Side of low energies at the electron energy corresponding to ; 


Compton scattering angle of 209; the other lines end of tuenselves 

(drop to zero) earlier. Wiliians' theory of multiple menace 
'. Cannot be applied to electrons knocked out at l. rge angles and re- 
'. turned to the direction of the incident photons by sie ts eee ae col- 
: lisions (see below). 

Comparison of the solid and dash lines of Fig. 13 leads to the 
following conclusions: 

a a) Taking account of the scattering and slowing-down results 
in an appreciable widening of the soft ganma-lines (hv < 1.02 Mev). 
pag b) Virtually no change results in the shape ond width of the 

gamma-line (hy = 3580 kev). 
Comparing the calculated and experimental line Shapes we come 
to the following conclusions. 

*~; Allowing for the effect of factors 2) and 3) (the size and 
'thickness of the target and the size and location of the Slits; and 
he ‘scattering’ and slowing-down of recoil electrons in the target) 
,eads to 2 lesser line width than is actually observed; i. Gs; the 
imental Widening of the line cannot be wholly explained by these 


ee har 


ditional widening cannot be due to electron scattering 

‘and in the film window of the first counter, for the 
Observed even at.hyv = 2760 kev, i.e., in the region where 

: fering cannot play a significant part. Tests at reduced 
ressures confirm that the influence of scattering in the gas 
nor. Hence, it must be assumed that the observed widening of 

ine is due either to the influence of the source size (factor 
sinaccuracies in positioning and aligning the target, slits 
mator, Or to some other as yet unidentified factors. 

use of Williams’ theory of multiple scattering is permissible 
e cases where the ejection angles do not exceed 20 degrees29. 
gular distribution of recoil electrons is such that whereas 
00 almost half the electrons are comprised in the @ = 0 to 
@L, at hv = 383 only 19% are ejected within this angular 


able mas 


Table 3 
Data on recoil electrons 
He, Gs-em : (He) ..6 Recoil electrons 
ze AU scattered within 
O= 0° 0 = 2° (He) G0 20° angle, % ° 
1790 1639 0, 9156 19 
2273 2006 + 0,9045 24 
4092 — 3516 0, 8592 28,7 
— «66813 5141 0, 7546 43,1 
42730 8656 0, 6800 49,5 
| 
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The other electrons can eventually emerge from the target in 
the direction of tne incident photons provided they ure again 
Scattered through an angle exceeding 20°. Obviously, Willians' 

. theory is not applicabie to such electrons. Undoubtedly a certain 
nunber of these electrons ure detected by the instrument: thus in 
the case of the very carefully investigated lines of Aul9® (hp = 
411 kev) and Zn®Y (hv = 1118 kev) the "tails" extend down to 
HP = O.95 HP, oy, Or much beyond the value corresponding to @ = 20°. 


These long “tails" are surely due to electrons initially scattered 

at angles exceeding 20°. In calculating the intensity due to such 

electrons it would be necessary to employ « multiple scattering 

theory applicable to a wider range of angles than is Williams' theory. 
rhe intensity of the more remote points of the “tail” is iow 

although the number of electrons, having the corresponding kinetic 

energies, produced is large. This is explained by the fact that the 

angular distribution of slow electrons approaches the isotropic so 

that only a small fraction enters the relatively narrow solid angle 

of acceptance of the instrument. 


Oo. Energy Calibration of the Ritron 


It will be clear from the preceding section that in many cases 
the spectral lines observed with the Ritron are conplex. Having ob- 
served and recorded the lines we are faced with the problem: how © 
can we determine the energy of the corresponding photons? If we 
could readily compute the line shapes for different photon energies, 
taking into due account all the experimentsl conditions, and the 
resultant lines fitted the observed one, the problem would be vir- 
tually solved: it would merely be necessary to select the calcu- 
lated curve (or the interpolated curve for intermediate energy values) 
coinciding with the observed line and identify the photon energy fron 
the said curve. ; 

Unfortunately, at present we do not have calculated curves which 
fit the experinental ones with a satisfactory degree of accuracy. 
Hence, the above method is not practical at this stage and we must 
use a special calibration method instead. 

The energy of certain gamma-lines is already known with a high 
degree of precision, for the energy of the more intense gamma-lines 
can now be measured with an error of less than 0.01% by means of 
DuMont curved-crystal spectrometers and beta-spectrometers detect- 
ing internal conversion electrons. The Ritron cannot compete with 
the above-mentioned instruments wnere energy determinations are con- 
cerned if only because the lines obtained with it have a much greater 
width than the conversion electron lines resolved by modern beta- 
spectrometers. 

Our spectrometer is intended primarily for measurement of the 
relative intensity of ganma-lines rather than for energy determina- 
tions. In view of this, there can be no objection to graduating 
the instrunent with reference to lines of known intensity. Obvious- 
ly, such calibration will hold good only provided the gamma-spectra 
are subsequently investigated under the same conditions (i.e., with 
the same geometry). 

The calibration measurements were made with reference to the 
line peaks. The location of the maximum E,,, on the energy scale 
was identified as the abscissa of the point of intersection of straight 


© the steepest sections of the line, plotted 
), where N is the coincidence count rate and 
the photons as conputed according to the fol- 
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one f x 
asured magnetic field and@, is the desiga radius 
nt, equal, in our case, to 55 nmm.- Essentially the 
sisted in plotting an experimental curve correlating 
@n energy Etrue Wits peak-position energy E;ax- | 
owing gamua-lines were used in calibrating the instru- 


Pail. 77 kev. -- Auli 98 hv = 1331.6 kev -- co®? 


- 510.98 kev -- annihl. = hvg = 1761.0 kev -- 2ac 
= 009.37 kev -+- Rat h¥g = 2200.0 kev -- sac 
1128.0 kev -- zn°° hv} 9= 2450.0 kev -- RaC 
) 122-0... kev: ---RaC | hY},= 2014.3 kev -- Thg"' 
- 1171.54 kev -- Cot? hy }9= 2753.5 kev -- Na“~4 


ne calibration curves are, reproduced in Fig. 14. As way be 
“values of the photon energy, E,,,y%, Computed according to the 
equations, for the spectral peak are laid off along the ab- 
ssa while the ordinates are the corresponding values of the 
eeue/ Euan». Where Etrue is the “true" (actual) value of the 
energy as listed in the above table. | 
points obtained under the standard conditions of 1952 (Fig. 
all approximately on the Be in/ Bax = 0.95 horizontal line, 
mean-square dispersion of -1%. The points for measurements 


4c. After separation of the observed line into components, 
photon energy for the lines is found by multiplying the experi- 
tal value of Ej, x by the appropriate coetficient (i.e., the value 
@ ratio Etrye/Enax ‘taken from the calibration curves). 


6. Spectral Sensitivity of the Instrunent 


Definition of "spectral sensitivity” 

CT Net RE LE TSE LAER A DOA 

* = Phe initial experimental curve for the variation of the coin- 
cidence count with the magnet current just be processed: the back- 
‘round substracted, the values replotted to a uniform energy scale 
nd corrections introduced to compensate for the differences in at- 
enuation of the gamua-rays.before they strike the target and the 
dependence of the counter efficiency on the electron energies. AS 
‘a result of this processing there 1s obtained a curve conprising 
geries of peaks representing the gamma-lines. The area under each 
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peak is proportional to the 
number of photons of the given 
energy emitted by the source; 
however, equal numbers of pho- 

. tons of different energies pro- 
duce different areas. Thus, 
assuming the source emits a 
series of groups of photons of 
different energies but with 
each energy group comprised of 
the same number of photons, our 
processed curve will show a 
corresponding series of peaks, 
Which, by making use of our data 
on line shapes, we can separate; 
the areas under the individual 
peaks will be different. 

Let us arbitrarily take 
the unit area to be the area 
under the hv = 1 Mev peak and 
let us designate the area under 
Other peaks through Sy. We shall 
hereinafter term the S, = f (hy) 
curve the spectral sensitivity 
of the instrument. 

The spectral sensitivity 
of the instrument is its most 

Fig. 14. Ritron energy calibra- important characteristic: know- 

tion curves: a) under standard ing the spectral sensitivity we 

1952 conditions; b) under beryl- Can readily determine the rela- 

lium target conditons; c) under tive intensity of the individual 

standard 1953-4 conditions. lines from the observed spectrum. 
The spectral sensitivity of 
an instrument can be determined experimentally and by computation. 

If there were available a set of specimen materials emitting an ac- 

curately known number of gamma-quanta of different but known energies, 

determination of the spectral sensitivity would be reduced to straight- 
forward measurement of the areas under the peaks and relating the re- 
sults to the unit 1 Mev area. However, in practice absolute measure- 
ments of the number of photons emitted by a given source are so in- 
accurate that satisfactory determination of Sy by this direct method 

is virtually impossible. It is necessary to resort to relative meas- 


urements. 


Source materials suitable for experimental determinations of 
the spectral sensitivity 


For experimental investigation of the spectral sensitivity, it 
is essential to use sources emitting gamma-rays of different energies 
in a known ratio of intensities. At first glance it might appear 
that any radioactive isotopes whose gamma-spectrum has been carefully 
measured could serve aS a source. It must be remembered, however, 
that there are no wholly satisfactory methods for determining the 
relative intensities of photons of different energies in a complex 
gamma-spectrum. In attempting to develop such a method - a method 
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more accurate than any now extant - we Obviously cannot base our 
calibration on data of inferior accuracy. Hence we must use source 
materials for which the intensity ratios can be determined with 
sufficiently high accuracy from indirect data. 
Such suitable materials include, first, nuclides with a clearly- 
determined decay scheiie in which ejection of the B”-particle is fol- 
lowed by the emission of photons in cascade and, hence, in the ratio 
of exactly 1:1. Examples of such nuclides are Na@4 (1.38 and 2. 76> 
Mev gamma-rays produced in almost 100% of the decays) and CcolO CPEs 
and 1.33 Mev gamma-rays emitted following 100% of the decays). d 
Second, one can use isotopes in which a’ Bt-decay is followed by the } 
emission of one gamna-ray, for in such cases the ratio of the anni- 
hilation and nuclear photons equals equals exactly 2:1. An example 
of a source in this group is Na2@2 (1.277 Mev photon emitted after (es 
every positron-decay). : 
The nuclides in which the difference in photon energies is . | 
appreciable are particularly Suitable for spectral sensitivity de- 
terminations. 4 


Tae 


: Ne 
5. MeV 
Fig. 15. ¥-spectrum of Na#4 plotted Fig. 16. Same as Fig. 15 
to a uniform energy scale. ‘butsforeege ss | 
Experiments with Na?4 oes 
24 


Fig. 15 shows the curve obtained for Na after subtracting 
the background, converting to a uniform energy scale and introducing | 
the correction for gamma-ray absorption in the source. The ratio of 
the areas under the lines is So _7/81.38 = 1.44. The ratio of the 
spectral sensitivities at these energies S2.76/81 .38 should, there- 
fore, also be 1.44. 


Experiments with co% 
The experimental curve for Coe9 after introduction of all the 


above-mentioned corrections, but before allowing for the sensitivity 
of the instrument, ~is shown in Fig. 16. Separating the total curve 
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into two Sinilar peaks, we tind s, 
lows thet S$) 33/8] 17 Should equal 


Spectral sensitivity wit 


The’ spectral sensitivity can 
tained in studying the line Shapes 
tensity scale is used. Curve l of 
tensity of the Hitron «as computed 
(L = 31 cm; target 22 mm in diamet 
account the angular and energy dis 
but not allowing for the scatterin 
in the target. As was noted under 
"geometric" lines (Fig. 13) are na 
Hence, direct comparison of the cz 
experimental data is justified onl 
tors ceauSing diffusion of the line 
peaks. 

If the point for the 
the curve of Fig. 17, the 
exactly on the line. The 
co&%, although here the 
Since the two points are close tog 

The fact that the experimenta 
calculated curve confirms the abov 
calculated values for an infinitel 
data obtained with a 50 uw thick ce 
for hard gamma-rays (E> 1 Mev), a 
13. 


1.38 Mev 
second, 
Same is 


Calculation of the spectral s 
the slowing-down and multiple 
: in ‘th 


The method of calculating the 
different angles has already been 


Fig. 17. Calculated spectral sen- 
sitivity curves for the Ritron: 
1) "geometric", 2) taking into 
account slowing-down and scatter- 
ing of electrons in the target. 
The calibration points for Na 

and Co are shown as circles on 
Curve 1 and as crosses on Curve 2. 


‘S} 74 = 1.074, whence it fore 


Rie fe eels 
1 SAE OW hc 


Man infinitely thin target 


aiSO be evaluiuted from data ob- 


» Provided the appropriate in- 


Fig. 17 shows the spectral in- 
by khol'nov!5 for a point source 
er, Slits 2 mm wide), taking into 


tribution of Compton electrons 

g and slowing-down of the electrons 
Section 4 above, the calculuted 
rrower than the experimental ones. 
leculated spectral sensitivity with 
y on the assumption that the fac- 

S do not alter the area under the 


gamma-rays of Na24 is located on 
hv = 2.70 Mev point for Na@4 falls 
true of the two energy points for 


accuracy of the.fit is harder to evaluate 


ether. 

1 data for Na24 and co60 fit the 

€ assumption. Comparison of the 

y thin target with the experimental 
llophane target is justified only 
S 1S evinced by the curves of Fig. 


ensitivity taking into account 
scattering of recoil electrons 
e target 


spectra of electrons ejected at 
described in Section 4 above and 
the resultant calculated line 
Shapes are shown in Fig. 13.- Ths 
Same calculations yield the in- 
formation required to plot the 
Spectral sensitivity curve. 

The scattering and slowing 
down of electrons in the target 
are virtually negligible in the 
energy region above l Mev. Hence, » 
in this energy region not only the 
line shapes but also the spectral 
sensitivity curves calculated tak- 
ing account of and ignoring the 
Scattering and energy loss by rad- 
iation practically coincide. The 
Situation is more complicated in 
the region below 1 Mev, where the 
scattering and slowing-down are 
more pronounced; here the experi- 
mental curves develop "tails" which 
do not lend themselves to theoreti- 
cal analysis. 
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The fact that Williams' 


ward at angles @9 = 
In our analysis, 
first group and entirely qi 
in Comparing the 
the sections corres 


Having determined a complex spe 


ponents with the aid of the 
must separate out from é 
ponding to 9 = Q-290 
of the gamma-rays, 
However, 
cut-off at RE =2090 
angles between 8 
Enax and Eo 
ties beca 


a 


72. 
an incre 


(Curve 2 in Fig. 
falls off at 


The gamma- 
Prise lines who 


authors. MaKing use of these da 


nevertheless the 
Satisfactory. 


> MeV 


Fig. 18. Comparison of our cal- 
culated Ritron Spectral sensi- 
tivity curve with data reported 
by other investigators (La - Ref. 
25; Au - Refs. 26 and 27): (1) 
designates the soft, (¢€2) the hard 
fammi-line of Au. 


theory of multiple Scattering is not 


Df 


it necessary to Sub - Be 
> those ejected LOPm i, 


ted from a Source 
Ce 


The Ritron can Obviously be 
used to determine. the nunber of 
Photons of gSiven energy emitted 
by a source, Having the appropri 
calibration, the number of emitteg 
Photons can be determined eithe: 
fron the Counting rate at the. p 
or from the area under the line 
The caiibration can be experin 


Or based on theoretical calculas 
tions’, 
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In view of the difficulties of effecting calculations taking 
into account all ‘the experimental factors, we elected to use ex- 
perimental calibration with reference to the ‘peak counting rate... 
We define the transmission of the instrument as the number of coin- 
cidence ceunts per second at the line peak (with the background 
Subtracted) per curie, i.e., per 3.70 x 1010 photons of the given 
energy emitted per second. 


Table 4 


Transmission of the Ritron under different conditions 
: 


Source Photon Dimensions © Transmission*, Remarks 
energy | of source, cm | counts/sec/cu 
kev dia. |length 


Standard conditions of PYSt 


Cue4 yO ef Aa 6 P6260 Strong 
absorption 

Na24 1380 1.4 8 9:83 | 
Na24 2753 1.4 8 6.6 
CoeV T2722 <5 0.4 0.6 3.8 
Znes 1118 a 2.9 

Experinents with beryllium target 
Aul9& 411.77| 0.8 10 
Znev TA TR 14 73 

Standard conditions of 1953-54 

| 

Aul 98 411.77 | 0.4 | | 1.0 


* In the case of a source having an activity of 1 Ca 3 
3.27 x 10° photons per second are incident on each cn 
of target (assuming one photon per disintegration). 


The transmission of the instrument naturally depends on the 
energy of the photons, the size of the source and the experimental 
conditions. ; 7 

The results obtained in experiments Carried out under different 
conditions are summarized in Tabie 4. To determine the transmission 
one must know both the counting rate and the activity of the source. 
The latter was determined in the Dosimetric Laboratory by conven- 
tional procedures?3. The dispersion of the listed values is due 
partly to errors in these activity measurements and partly to the 
Size of the source and absorption in it. 
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4 8. Effect of Varying the Experimental Conditions on the 


Line Shape and the Spectral sensitivity 
ede ee ee ea 


G Influence, of target thickness 
a — A eae ne 


AS Was noted above, most of the experinental investigations 
and the basic calculations were curried out with cellophane tar- 
a. get 90 uw thick. It was of interest to determine how the line 


Shape and the aree under it are affected by changes in the thick- 
ness of the target. 


Experinents with a target less than 50 uw thick 
9 ae atest baal Niki edlaske Sele edhndeal ; Sait laa dished se lachetnaadecals 


The gamma-spectrum of Sb124-was recorded with both a 50 p and 
a 17 & thick target. The results.are shown in Fig. 19. Curves 1 
represent the spectrum obtained with the 50 yu thick target; the 
plotted points and curve 2 are for the i7 % target spectrum. The 
intensity values were adjusted to obtain coincidence of tne respec- 
tive hard gamma-lines (1697 kev) whose shape should not be affected 
by the thickness of the target inasmuch as electron scattering and 
energy loss due to radiation are minimal at this energy (see Table 
2). %It will be seen that the hv = 597 kev line (with a possible 
admixture of the weaker 650 kev line) obtained with the thinner 
target (dash curve 2) is some 13% higher and slightly narrower than 
_ the line’ shape obtained with the 50 uw target; as a result the net 
--area is increased by 2 + 5%. It may, therefore, be concluded that 


——— 


rincipal gamma-lines of Sbi24, eee 20. Gamna-lines of 
r 50 wp thick target; points Fe°9. Curve 1 for 50 uw 


2 for 200 w target. 


v interval increasing the target thickness from 
t result in any appreciable error in determining 
intensities, provided the latter are determined 
1 “the peak. This justifies the use of the 50 yp 
higher-energy interval. 


er no 


for 17 p target. target; points and curve 
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Experiments with a target more than 50 wp thick 
a 


The gamma-spectrum of Fe°Y which consists of a 1100 kev ind 
a 1278 kev line was investigated using the 50 ww and a 200 uw thick 
target. The results are shown in Fig. 20, where for convenience 
in comparison the values have been adjusted to bring the hard-line 
_ peaks into coincidence (actually, the coincidence count at the 
hard-line peak with the 200 pp target is twice the rate with the 
' 90 w-target). It will be seen that both peaks (Curve 2) obtained 
with the 200 u target have become somewhat wider (the relative half- 
width of the hard-gamma peak is 9.6% with the 200 uw target as 
against 7.2% with the 50 uw target), that the peak points have shifted 
some 2-3% to the side of lower energies and that the "tails" have 
/ augmented. However, the ratio of the areas under the lines has 
» Changed little, from 1.39:1 with the 50 uw target to 1.35:1 withthe 
200 % target. It follows that one can safely use a cellophene tar- 
get 200 » thick for investigating the portions of gamua-spectra 
above 1 Mev without fear of distortion of the relative intensities 
‘due to scattering and slowing down of recoil electrons in the tar- 
get. In fact, the above tests indicate that we can class scattering 
and energy loss due to radiation in the target with the factors that 
Produce diffusion and shifting of the lines but do affect the rela- 
tive area under the peaks. 


Influence of lateral dimensions of the source 


In order to bring out the effect of the lateral dimensions of 
the target on the line width and the transmission of the instrument 
we carried out a series of tests with a small specimen of Aul98 | 
moving it successively to different points in the collimetor at 

-@qual distances from the center of the target. The hy = 411.77 kev 
line was recorded for each position of the small source. The posi- 
tions of the points are shown in Fig. 2la; the results of measure- 
ments, in Fig. 2lb and in Table 5. 


Table 5 


. 


Changes in line shape incident to moving the source (Aul98) at 
right angles to the collimator axis 


Position 
of peak 
kev 


Location of source 


1 At center of collimator | 411.222 100 
4 2 0.6 cm above center 408 .5£2 7 
E 3 Up 0.6 cm (ref. Fig. 4) | 411.222 43 
- 4 Down 0.6 cm (ref. Fig.4)} 410.522 97 
3 A Averaged line 411.8%2 82 


The location of the peak on the energy scale does not shift by 
more than 1% for any of the 6 nm laterai displacements of the source; 
the relative width of the spectral line likewise changes very little. 
However, the height of the peak and what is more important the area 
under the line are altered to a very appreciable extent - the area, 


eel ee ee 


ATA. 
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as much as 29%. If we compute the change in transmission resulting | 
from going over fron a virtual point source to one extending over 
the entire section of the collimator, 
On the basis of the values in Table 
°, we find that the transmission is 
reduced by 18%. This is, Of course, 
@ Substantial amount and an appropriate 
correction should be introduced in 
deteriuining the transmission when us- 
ing a wide source. 

Sinilor but less extensive tests 
were made with co®9, They showed 
that the coincidence count with the 
suali source at positions 2, ,0 80024 
(Fig. 21) is about- 10% lower than with 
the source at the center. 


Infiuence of the gas filling the 


instrument 


The main series of experiments 
were carried out with the instrument 
filled with pure heliun (initial, 
1950-2 series) or with a mixture of 
9v.3% helium and 3.7% methane (new, 


Ep kev 1953 series), in both cases at a total 
See ressure of 32 cm Hg. 

* eye Say rege OR a) Pee 7 secoil electrons having an energy 
cc ase ro ce of Bebe bit above 1 Mev cannot be appreciably 
fee eeeerent logations scattered or slowed-down in traversing 
ae eee oe ences a) ‘posi this medium. But it was feared that 
tions pe eee b) Se a these effects might make themselves 
ald ae Stak atek Cone A) felt on the width of the Tine and *the 
averaged tine, weighted as transmission of the instrument at lower 
Ree ays gamma-ray energies. Accordingly, we 


investigated the gamma-spectrun of 
Aul98 (hy = 411.77 kev) at gas pressures of 32 and i6 em Hg and the 
spectrum of Irl92 (hv = 314, 466, 898 and 1053 kev) at 32, 17 and 8 
cu Hg, maintaining other conditions equal. . 

The results are shown in Figs. 22 and 23. They indicate that 

1) the relative half-width of the 411.77 kev*-line increases only 
Slightly when the pressure is raised fron 16 to 32 ci Hg - trom 12.3 
to 13.4%, 2) the counting rate at the peak remains virtually unchenged. 


Conclusions 


The magnetic %-spectrometer described in the present article 
Can be used to investigate the ¥-spectra of radiouwctive sources in 
the 300 to 4000 kev energy range. Under our standard conditions 
(target 50 uw thick, slits 2 mu wide) the relative half-width of the 
lines (resolution) in the 1 to 3 Mev interval is about 5. we; at low- 
er values of Ey the line shapes are wider. Under these conditions 
sources having an activity in excess of 1 millicurie (where the in- 
vestigated line is concerned) can be studied. 
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0 
| Ly, keV 
Figs 22. 412 kev line of Fig. 23. Soft part of gamma-spectrum 
Aul98 obtained at a gas of Ir!92 obtained at different gas 
pressure of 16 (1) and pressures; e - 8 cm Hg, x - 17 cm 
32 (2) cm Hg. Hg and o - 32 cm Hg. 


{ 


For the investigation of weaker sources a beryllium target 
0.4 mm thick may be employed. With the beryllium target the trans- | 
mission of the instrument is increased .by a factor of 10-30. 

As regards resolution the Ritron is at a disadvantage compared 
with the Elotron, a magnetic Y-spectrometer with improved focusing 
However, it has the advantage of employing only a homogeneous mag- 
netic field, which makes it feasible to calculate the line shapes, 
the spectral sensitivity, transmission and other characteristics of 
the instrument. 

This investigation was started in 1946 by M. L. Orbeli and one 
of the authors of the present article. Subsequently, V. P. Prikhodt- 
seva, V. G- Chumin, and A. Feoktisov participated in studies of the 
characteristics of the instrument. The authors wish to express their 
indebtedness to these comrades. 


Keceived 


Radium Institute of the 
4 November 1954 
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TRANSACTIONS OF THE NINTH ALL-UNION CONFERENCE ON SPECTROSCOPY 


(Tartu, Estonian SSR, 5 - 11 July 1954) 
HHH HEHEHE HIE HE HHH HHH HEH EK EHH HEHEHE HE HEHEHE IEEE EEE OHHH HOHE BEE 


The transactions of the Ninth All-Union Conference on Spectroscopy will 
be published in the following order: a) papers read at the plenary sessions and 
reports presented to Section I of the Conference, concerned with problems of 
molecular spectroscopy and its applications, appear in the present issue of the 
Bulletin, b) reports to Section II of the Conference, devoted to atomic spectro- 
scopy and spectroscopic equipment, as well as part of the transactions of Sec- 
tion III, concerned with emission spectral analysis, will be published in issue 
No. 1 of Vol. 19 (1955), c) the remaining reports of Section III will appear in 
subsequent issues for 1955. 

Reports presented at plenary sessions are printed either in full or in con< 
densed form; the other reports will be condensed or only the title given when 
the paper in question has been published earlier, 


COMMISSION ON SPECTROSCOPY 


/franslation editor's note: The only two "papers" in the last 
category (i.e. titles only) appearing in the present issue are: 

1) "Calculation and interpretation of the vibrational spectra 
of certain monoalkyl— and polymethylbenzenes" by M.AeKovner, published 
in Doklady AN USSR, 97, 2, 229 (1954) & Zhur. eksp. i teor, fiz., 
26, 6, 704 (1954); 

2) "The temperature dependence of the intensity of the first 
order Stokes line in Raman spectra" by Ia. S. Bobovich, Doklady AN 
USSR, 97, 5, 801 & 98, 1, 39 (1954). 

The last sentence in the Commission's note above is somewhat 
ambiguous. Except for the footnotes there are no indications in the 
journal to show which papers have been condensed or to what extent; 
it will be obvious from the texts, however, that some have been 


severely dehydrated. / 
HHH KKH KKH HK HH KK HH KK KK HHH HH HHH HH HK HH 


OPENING ADDRESS by S. E. Frish 


Comrades: All-Union Conferences on spectroscopy have become a tradition: 
we meet approximately every two years to report on work done, exchange views and 
discuss our achievements and the current scientific problems. We met in Moscow, 
the capital of our Fatherland, in Leningrad, in Sverdlovsk, and in Kiev, the 
capital of Ukraine, We are now gathered in the Estonian SSR, in Tartu, a city 
famous for its old university that has trained such great scientists as Lenz, 
Struve, Pirogovy and many others. | 

True to the principle of indissoluble friendship and brotherhood between 
all the republics of the Soviet Union, we strive toward unity in our endeavors 
for the benefit of the entire Soviet people, 

In the past our conferences were highly successful and not only contributed 
to the general development of spectroscopy, but helped establish friendly re~ 
lations between Soviet scientists working in various centers of the Union and 
stimulated research in our many universities and institutes, I am certain you 
share my confidence that this conference will prove just as fruitful. 
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We are starting our Conference under very favorable conditions. The state 
and party organizations of the Estonian SSR and of the city of Tartu, as well 
as the administration of Tartu University, have made every possible effort to 
facilitate our work, Permit me to convey on behalf of the Arrangements Committee 
of the Commission on Spectroscopy and of all the participants our profound grati- 
tude for the preparations made and the generous hospitality shown us. 

The scope of the conferences and the number of people attending them have 
increased steadily over the years. As of today 750 delegates have already regis— 
tered and the number is still growing. The program of the Conference lists 190 
papers which will be presented at three Sections of the Conference; in some cases 
it will be necessary for two Sections to hold sessions simultaneously. As you 
can see our program is an extensive one. This is not surprising, for the inter- 
action between light and matter manifests itself in a tremendous number of physi- 
cal phenomena; the range of problems to be discussed here extends far beyond the 
harrow boundaries of "spectroscopy" as the term was defined in physics not long 
ago. Present-day spectroscopy helps the physicist investigate the structure of 
matter in all its states: gaseous, liquid and solid. Spectroscopy throws light 
on the constitution of molecules and atoms, revealing their "inmost" properties 
(for example, the hyperfine structure of spectrum lines furnishes a clue to 
certain properties of atomic nuclei). Spectroscopic methods have proven to be 
exceedingly fruitful in studying highly complex processes, such as the processes 
occurring in gas, flash and spark discharges, investigation of which is virtually 
impossible by other methods. Raman spectroscopy yields most valuable information 
on the nature of chemical bonds. Methods new in principle are being devised, 
methods such as radio-spectroscopy, papers on which are included for the first 
time in the agenda of this Conference. We are also glad to note that reports 
will be delivered on related sciences, such as astrophysics. 

There is no need to emphasize the tremendous practical value of spectro- 
scopic investigations, The value of spectroscopic methods in the field of metal— 
lurgy is universally known, Intensive work is continuing in this field, work 
aimed at developing new, improved methods, and increasing the sensitivity, ac-— 
curacy, speed and scope of spectrum analysis. Because of the recurring need for 
materials of cxceedingly high purity, the requirements as regards sensitivity 
are higher than ever before. New problems are constantly arising: many papers 
to be presented are devoted to methods of spectroscopic analysis of slags, ores 
and minerals, and to the new applications of quantitative spectrum analysis in 
geology. 

Certainly no less numerous and diverse are the problems involved in the ap- 
plication and extension of spectroscopic procedures in the field of chemistry. 
Much has been accomplished here, but a great deal still remains to be done. 
Spectroscopy is being successfully used in various types of chemical production, 
in pharmacology, in medicine, and in many branches of the food industry. We are 
faced with the problem of furthering the development of agriculture by means of 
spectroscopy. It is evident that spectrum analysis of soils can supply the key 
to the solution of many agronomic problems. 

These necessary scientific advances in the field of spectroscopy are incon- 
ceivable without further development of experimental techniques. In recent years 
Soviet industry has made great advances in the commercial production of many new, 
modern spectroscopic instruments, Soviet diffraction gratings are now being pro- 
duced. The first steps have been taken towards the general introduction of photo 
electric methods of recording spectra and measuring line intensities. It is, 
therefore, natural for many of the papers to deal with spectroscopic instruments 
and the development of photoelectric methods for recording spectra. 

The work of the Commission is not restricted to the time of the conferences, 
The Commission on Spectroscopy at the USSR Academy of Sciences is also quite 
active between conferences.Permit me to remind you briefly of the accomplish 
ments of the Commission since the last conference in 1952. 
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Much work has been done to coordinate the investigations being carried out in 
the academies of the independent soviet republics, the various branches of the 
Academy of Sciences of the USSR and other affiliated institutions. Programs 
and plans for continuing spectroscopic research have been elaborated. An an- 
notated bibliography on spectrum analysis and Raman spectroscopy has been com 
piled and is now in process of being printed. Regulations for the Operation of 
industrial spectroscopic laboratories have been established and approved. Steps 
have been taken to arrange for the production of the special photographic ma~ 
terials required for spectroscopy. The transactions of the previous conference 
on spectroscopy have been made available: the papers dealing with molecular 
spectroscopy were published in the Bulletin of the Acadeny of Sciences — Physi- 
cal Series; the papers on atomic spectroscopy are being brought out in abridged 
form, There have been lamentable delays in this connection which should not be 
allowed to recur: abstracts of the reports to be presented at this Conference 
should be published promptly. 

We shall also have occasion to discuss organizational problems, The 
opinions expressed by participants in this Conference on such problems will 
doubtless prove of benefit to our future work. 

In conclusion permit me to reiterate my confidence in the success of our 
work here and my conviction that it will contribute to the advance of spectro- 
scopy in general and to its increasing usefulness in all branches of the national 
economy. 

I declare the Ninth All-Union Conference on Spectroscopy Open. 


THE PRESENT STATE OF RADIO-FREQUENCY SPECTROSCOPY* 
~ M. A. El'iashevich 


Radio-frequency spectroscopy is concerned with the study of 
transitions between energy levels, as evinced in the rudio-frequency 
portion of the electromagnetic spectrum. AS regards experimental 
procedures, which are bxsed on wodern radio engineering techniques, 
radio spectroscopy differs markedly from conventional “optical" spec- 
troscopy which deals with radiution in the ultraviolet, visible and 
infrared. portions of the spectrum. However, where theoretical prin- 
ciples und methods of interpreting and analyZing experimental data 
are concerned,radio spectroscopy is a typical brunch of conventional 
spectroscopy with ail the characteristic features of the latter. 
Despite this, radio spectroscopy offers new possibilities for investi- | 
gating the structure of matter, in that it permits direct determina- } 
tion of small ditferences between the energy levels of atomic systems. 
These energy differences are associated with or correspond to the fine iH 
and hyperfine structure of electronic spectra, the rotational struc- || 
ture of spectru, diverse interaction processes inside atoms and mole- 
cules and the splitting of spectrum lines of atons, molecules and 
crystals in external electric and magnetic fields. | 

The accuracy with which frequencies corresponding to transitions 
cun be meusured is very high, attaining one part in several million ) 
(10-4-10-5¢%) . At present, radio-spectroscopic techniques are being 
successfully used to investigate transition frequencies ranging from 


Sem gia oer wwked nay tianssanved. oud nego of anit ia aa 
; wie afig gerd EE Cha ; a ror iobusygwhal ald wo ae 
ie i  sechadapaay eas a ny ‘a saiito fee die we Oe anomekyd to ue 
avr sales J Let We ae ' ) ; t 
Phe rl Pes EzodAis jae Vail ap" > LATS a7 Ue gators saan 10 ainla 't 
, _ sel. ions! Bis etd ssan nine. lines i onens att IDG Bae qiqeayot laid begatou 
pride Seer etaataautl .bodatva Yiiet to eadeby ae wan Eee hesie/ : 
. Siggs fiw iedeiidatany feov SYoo i svcdel siqvoudsdoew, latral y 
a } digieago'd it ba ie 14 wha to. noreousho wm ia “i? syAaeris oy Hanes seed ovat : > 
. eB nod kv’ oe ons 16 Quptidovenat! any .yqaovsoteooge et Iteciatelny sees alabred 
’ ip tie Sohe ontlyal aveqgad pid, re fhe! lok Shim Hose WEN yoosecriosgqe me 
aioe to. Yiu: hal nie Qo Beiveliatt sda ol: hbeda) ideg exew wuodaotisegs mi 
ds ° i sue tuys mad 48sec eye YeoeeoT: ag! 9400/4) HO aida ed? (as irod fas 
Sais ie ootitwome | roe ae iY ulvevelod olditiivent used sved oot? ere 
09 eas ara petuaceiq of oO ae rodwey efgy 0 nioateads rye00'% of bowoils 7 
oe laqnet bodatidug od bivoda | 
ii ee [nano |} far aoAgro Aga Ih OF BO12G> sp oval ovate Iinds of 
is Pease sna 0 wope to re eh nt ace Sivtiy Wh Bexawyqxe snotaige © 
as ohvow orb we 6s ¢hienéd Bo evevq seolsdme® 
See wes ht Soho bEiiden yo otorestot os om +kérey awkaelonoo al ia 
au) . wie sie oF odwditda0s [iiw ind mobheaivaoo ya Bua. pied Arow 
a “wedsannd ile Wt eastlotowy yofewe rset ose of Bae Leveneg al YoOre 7 Z 
ES ‘ > eo a fi 
s avae. Nao oeorseoge do ‘esnexalaod narrate ia aaaaul wit? oxefoeh f pan“ - 


i glee rs 
ee 


& 


+ .. ‘ sa 7 
e. 4 une 
5 a 
- = + on 7) 
ace fi hee 
ememooeuNrosce (OUTULIN)OLuAy W rare Toeae BAP es 
; - bvete@ur" ie ./ , = ; = % ia 


a 
‘he Yoda oie Miw bah Gouen Bi YQooORUIY oe {oveaupet t-olbsef be 
Brgeolo.% GH Al leoiivo aw _alevdol «jens deowsed enolligawiae 
Bibel toss Ph TiNe'T af, Wtisoys oven gatotgels ens To gestsge 
ankurias.s YAMS twtr Lf ebon ud bwRAe ete tolewW (estease a o> 
miner ego” Jodot!uevido 05 vibouxan Beetiib equeaorsseqt olbat» J 
Bh BLL « 2ewicivetiiv gif t ooltthes stiw eleeb totdw yqoserae 
iy beets preed. ried: . .IVewor mi1voyo SY to eeeliveq beraiisaee 
of ivnemreude Lis yelnuy on (jijerersvii oc epeteou Basu esiqts ee 
me ied si io . Hox “H TaGbay3 iL os2e4 t 5 : ofbutgbenteoneh Sta. s 
. Veeeeal ons Ya BPoauuJuol sad iD iS a 2 uéddw (wooo soe ge. - 
See Pi esis tli dtewoy wey sro 1" {ourtudseqe Offa , LAP OES 
Pome eD 75460 Si liao tt iy i .mtite oa wesuets od) gait’ 
Wale Genta Lo “vei VY*ons orl awh wore theh Ilawe te ne 
P60) 6) Pawyreor with tw baleio “Sie oteb ever ag 
. pete Lawortason on ian +> ae vi io wth ooswse ont leoqed * "eS 
Peeler Day, ates facade vot” ne 3 ( omwit ,werToeye To orud a 
z bet bw sord as vii in . | vite bhae and bin aolagonn 
Hu reTT 9 Lui gel bathe Be aintay@ 
a es . vie, (3 isaslw kW YOU TERR pial Se 
WOrkbiw i¢ ’ a . TEL Vale tht 9 )ey a baritnexmar 
wrt 2 | 


> 


aaAsere ; steeryy ‘ ‘ vk « JSS Dk 2 
weit : wad , ia oviy i ee ji isovn!) od eae peel 


ae 


‘my “id iw. ; ty owe 
7 


sale Lars 


- 3lo - 


hundreds of men oeyeies to 300,000 megacycles (10° to 3-1011 cps), 
i.e., from 3-10-6 to 10 cm-1 or in terms of wavelengths, from 3 kn 
to 1 mm. Microwave spectroscopy hus become particularly important; 
this covers the region of decimeter, centimeter and millimeter wave- 
lengths, corresponding to ultra-high frequencies from 300 to 300,000 
megacycles, i.e., 0.01 to 10 em-!. 

Radio-spectroscopic methods ure employed to study the following 
types of transitions, corresponding to small differences between 
energy levels of atoms, molecules and concentrated systems. 


Transitions between energy levels in the absence of external fields; 


1. Electronic transitions ussociated with the fine structure of 
the hydrogen atom and other light atoms. 

2. Purely rotational transitions in molecules and various tran- 
Sitions associated with interaction in,molecules (inversion splitting, 
Spin splitting of the rotational levels of diatomic molecules and |]- 
doubling of the rotational levels of linear polyatomic molecules. 

3. Transitions connected with nuclear spin: with magnetic inter- 
action between the nuclear, magnetic dipole moment and the electron 
magnetic moments of atoms and molecules and with the electric inter- 
action of the nuclear electric quadrupole moment with inhomogeneities 
of the internal electric field produced by electrons. 


Transitions between neighboring energy levels in an external magnetic 
field (Zeeman effect) - magnetic resonance; 


1. Transitions connected with electron magnetic moments (spin 
and orbital) of atoms and molecules. 

2. Transitions associated with the magnetic moments of nuclei. 

3. Transitions associated with the rotational magnetic moments 
of molecules. 


Transitions between neighboring energy levels in an external electric 
field (Stark effect) - electric resonance. 


A noteworthy characteristic of the transitions between near levels 
commonly investigated by the methods of radio spectroscopy is that, 
aside from absorption, the predominant energy changes are due to forced 
emission, while spontaneous emission is rarely encountered except in 
the case of extra-terrestrial (i.e., astronomic) sources of radio waves. 

The virtual absence of Spontaneous emission under ordinary lab- 
oratory conditions is due to the fact that the probability of lie 
emission iS proportional to the frequency to the third power (ys Dt; 
hence, the probability of spontaneous emission at radio frequencies 
is much lower than at optical frequencies. Consequently in radio 
spectroscopic investigations of terrestrial sources Spontaneous emis- 
sion need not be taken into account. Forced emission, on the other 
hand, plays a very importunt role, since the populations of close- 
lying levels at low us well as at ordinary temperatures are nearly the 
same and the number of emissions (i.e., transitions from the higher 
to the lower level) differs little from the number of absorption events 
(i.e., transitions from the lower to the higher level). 

Calculations indicate that the resultant absorption coefficient 
is inversely proportionul to the temperature and directly proportional 
to the magnitude of the ratio hy/kT, which is small under the conditions 
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commonly prevailing in radio spectroscopic investigations (hy, the 
value of a quantum,in the radio-frequency region, is much smaller 
than the value of the mean thermal energy, kT). 

We distinguish between two groups of radio spectroscopic methods: 

1. Methods based on the absorption of radio waves in some given 
volume of matter, comprising a) investigation of absorption in gases 
by means of microwave spectrographs incorporating waveguides, b) in- 
vestigation of magnetic resonance in liquids and solids placed in a 
homogeneous constant magnetic field and a superimposed radio-frequency 
field (nuclear resonance and nuclear induction; puramagnetic reson-~ 
ance; ferromagnetic resonance), c) investigation of purely quadrupole 
transitions in solids in an applied r-f field. 

2. Molecular and atomic beam methods, comprising a) investiga- 
tion of magnetic resonance in molecular and atomic beams and b) in- 
vestigation of electric resonance in molecular beams. 

Molecular and atomic beam methods differ from absorption methods 
in that in the former the variation in the intensity of the beam in 
the presence of an r-f field is determined by the sum total of absorp- 
tion and emission transitions, whereas in absorption methods the ab- 
sorption coefficient depends on the smull difference between the nun- 
bers of these transitions. 

In spite of the fact that radio spectroscopy is comparatively 
new, much valuable information bearing on the structure and constitu- 
tion of matter has already been obtained with its aid. There can be 
no doubt that the scope of applications of radio spectroscopy will 
continue to expand rapidly. 

Radio-spectroscopic methods are now basic in evaluating nuclear 
spins and the magnetic (magnetic dipole) and quadrupole (electric 
quadrupole) moments associated with nuclear spins. The magnetic 
moments are determined with high accuracy by the method of magnetic 
resonance in atomic beams. Measurement of purely rotational spectra 
in the microwave regions offers the most direct approuch to determin- 
ing molecular moments of inertia and, consequently, inter-atomic dis- 
tances. The dipole moments of molecules can be determined with con- 
siderable accuracy (within a fraction of one percent) from data on 
the Stark splitting of rotational levels. 

Data obtained specifically by radio-spectroscopic methods include 
information on intra-molecular fields derived from determinations of 
the magnitude of quadrupole interaction and data on the rotational 
magnetic monents of molecules, obtained by investigating the Zeeman 
effect in rotational Spectra. In addition to data on the relative 
locations of molecular energy levels derived from the observed fre- 
quencies of spectrum lines in the radiowave region, much valuable 
information cun be obtained by measuring the intensities and widths 
of the spectrum lines. Many deductions concerning the properties of 
solids and liquids can be drawn from the experimental results obtained 
in the investigation of nuclear resonance and paramagnetic and ferro- 
magnetic resonance. 

Although the use of radio spectroscopy for purposes of analysis 
is still in its initial stages, there can be no doubt of its poten- 
tialities and future importance in this field. 


"A. Is Gertsen" Leningrad 
Stute Pedogogical Institute 
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ON THE OPTICAL PROPERTIES OF METALS 
-~ V. L. Ginzburg and G. P. Motulevich 


Despite the fact that the optical properties of metals have been 
investigated for a long time now, much in this branch of physics still 
remains obscure where both theory and experimental data are concerned. 
This may, in part, be explained by the widespread misapprehension re- 
garding the contribution metal optics can make in obtaining informa- 
tion of value to the development of the electron theory of metals. 
Investigations in the field are commonly limited to finding the co- 
efficient of reflection r = 1 - A from the metal surface at normal 
incidence. Yet it is both possible and essential to determine the 
two parameters Ne and Xe (see below). Actually data on these two 
parameters, characterizing metals, are available (in the requisite 
frequency range) only for Ag, Au and Cu and these date back to 1913} 
and are, therefore, obviously in need of revision and refinement. 
Difficulties encountered in using what data are available stem from 
the failure of the early investigators to take into account the anoma- 
lous character of the skin effect in metals. This factor was analyzed 
only recently in Ref. 2, and even here in verifying the developed 
theory against experiment the conduction electrons were assumed to be 
entirely free (effective electron mass taken equal to 9.1-10-28) and 
the electron concentration N instead of being derived from experimental 
data was taken equal to N,, the concentration of atoms. Yet the prin- 
cipal value of optical investigations of metals stems precisely from 
the fact that the value of N can be determined experimentally. The 
purpose of this contribution is to elucidate the problems and poten- 
tialities of metal optics in the light of the above observations. 

Where in considering the propagation of light in a metal it is 
permissible to make use of the complex dielectric constant 


; . Ano 
e' =e — i- 
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- and this is permissible when the length of the free path ), in the 
metal is much less than § , the depth of the skin layer - the familiar 
equations for A, ® and are applicable. When (9 is commensurate 
with or greater than §, the skin effect becomes anomalous2»4-7 and 

the concept of €'(w) cannot, in general, be used in calculating the 
field and the loss in the metal. However, even in this case the re- 
flection of light from the metal is determined by one complex quantity, 
namely the surface impedance Z, characterized by 


Gp Ar - See 
4==\|F 0 Anant 
where components of the electric and magnetic fields E and H are taken 
on the surface of the metal and the effective dielectric constant | 
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(we can restrict ourselves to the introduction of the quantity Z only 
if the usual condition |¢,,|->1) is satisfied). 

To compute €’or €',, one must resort to electron theory. We ana- 
lyzed the problem on the assumption that the Fermi surface is spherical 
and derived equations relating h and * as well as NQ,, and X,.,; with the 
concentration N of free electrons, the velocity vp on the Fermi surface 


and the number of collisions y (For more details see Refs. 2 and 8.) 


It must be noted that if there exists a frequency interval satis- 
fying the condition 


‘SAT LAP POD Od Ae : 
monvsinvoalw - .0 hen LUGS : ¢ 
=! pes os Sevull elzeiom 10 .y t u fell 250% oe esiqeed . : 
I tive Pofewiq to Aone ta Piel 709 Sui nol @ "er betuntiveyad 7 
Maronod @iy AShb Lit uonbuoy (293) oo0 eailw siveado eat eaot ‘al 
selenestiiquiwr Unsigest! (i bodieiQnue ad ,Ptoq Ob yyuapeeet 4 
215 bE gntaiusdy Wi ox uD oi au its aoLsedts InGo ONT goLbrny ‘si 
oy fom 20 ‘Ysa: HOIISSib of Lo iveinolevel aul 02 evlav to nok ‘ 
eri waioai lL ed bos imi) LOMMOD a" bios 2 8 i anotiagtiseval. ~ 
‘5 io Pore SHSttua i yiam 203 nvijro0lten to tastoitte : 
Bi VEkwreseb oO) Lolrivecs & pei heemiony st re -30Y «@2cehtomh 7 
wissen gol sdeb vile ry ey fad ade) ot A191 046149 oWF' 
Biepss oii ni) Slide i iay - 12127 Son De 1947 wo ,&1829Natag 
Bugend aiab ago) but wo ban ub .as-vet ydeo Cogaet eoasupat® 
79: Lisz Die daisitve to been oO lauoivde  .orotered? ots baa 
ede old. 1 12> Sta Biahb Jen Te nt bat 1 J ODS aoltilwolttid - 
PeguaDes OFHL OAs) OF e@etorayivesvet (free eff Yo ereliat eae 
paw TOJSet etnt alevom ih ni%e oft Yo “sdoantedo evel 
a veb gat” eet aay it cl tev wv of al yijtaeoot yiao 
Ad "Stew BAGIZO9l Ee HO kLS 19 a imme ouxne Iaalaga yroeds 
Tee oF laups node sot ouly. sy Ot?s) sett-yletiiae — 
moi? bovitsb yaisd ico beedanr ¥ 3508940090 norsoele edd 4) 
i 49% pBHOde io nolt.Yogvo0GD ai ‘ lagpe aeaaz Baw efab ~ 
Belognd S182 elisea So Lnolrsyliasus L2itqge to eulay fagto ae) 
pespbiatient sous: Hshinroieb od avy 1 wulow ott dads 2602 ed)s 
 Bmgeidos4 Gig BITS eLouds OF ws wiswe “woo effg to asugiug 
ms Teac syous, aft to wsidyit oils ak @eolig oleuw to setts lable 
me Ot tdytl to nold«gaqgort Lf gol weoledoo al eteaadW 9-489 @ 
SGG7800S BliJ901 Sib Kelquon sitm~to ‘ dem O39 ofdientwreq ~ 
- <\ J a = , “< 
mee eati adi iO tigeol voit wedw oldieeiorteg at eiddwe 
reveal with-at to diqeh wil 5 amid sest doom et Late 
Bo sts) sedi | bq ic & hos .A 20) enotseupe 
Peiro! s fone Banoosd J: ulde @f! <4 und? *tede0%m 16. 0759" 
Migeioisy ot beau Sd , 19% Te ronfoy (w)'S Io tqeonoo eng 
d , Wako Bis GE nOVS ,tovewe um nt esol edt baw bielt = 
Pwalimoo -aue yd beriwitet ~t? wort tdyti To acrsoei§ 
-- yd beanie) j 9 Owen, e828 tue nas yieutsn id 
- ge 
: 
: : _ ; 
Preah Briiis,.48 abba tlt) vail 7 ory LI oalw lo alneagqaod Stew. 
He diharE0G Skatoeiesh sviap«'t é 1 ett to poe twee ods ee 
<a 
4 FF : f x 
NY (Pa saip Gus IO HOLdouweY 4 1) @4 viage ne Jolhigeet mao 88) - 
a (hetecadlee (2 P| nolitoaes iaevey ong = 
Lane ov .¢noed) nhorws:914 of ome ie »'3 “a."3 eiuqueo oT - 
measeasiqn al oouttue jwrs 909 Jedd sotiquowen of} a aeldowg endebe 
eee Wekw 3M line yh ee Ld \ * bua 8 yotiniew ec aupe bsveeh Py a 
oeoe true tntod. eis na gv’ te sn) “y n0lq east The eaolgavinod ‘ ad 
a «B wan & .iml.ov aliasoh s10% molwlitioa he sedwun odd. Bb 
BE beviotni coanou! ; “Ja! , i? Sk panty be jy ad 220m J) 


rors Loa: oibz~ hye 


- 319 - 


2 > oF >, (1) 


where w, is the frequency corresponding to the boundary of the internal 
photoeffect, we can assume with satisfactory accuracy, regardless of 
whether the skin effect is normal or anomalous, that 


2 Qo 412 in? 
N =: Ce ma sug? Lg? @o —= 1,12.1021 sin? oie (2) 
where A is the wavelength in microns and ?o is the principal angle 
of incidence. Thus in the region where the variation of N with 1/A 
is quadratic, N can be determined by measuring Po This appears to 
be the most reliable method of determining the concentration. 

A second parameter which should be measured experimentally is 
Vo: To this end one can make use of measurements of the electronic 
part of the specific heat, inasmuch as | 


Vy = rk © = 1,44-10°2 V/ *, 


where Y = cle) /p; c(e) here being the electronic portion of the specific 
heat of the metal, which can be measured in the. region of low tempera- 
‘tures. Knowing the values of the parameters N and Vo, we can compare 
theory with experiment. 

Examination of experimental data on the optical properties of 
metals reported in the literature shows that most investigations are 
concerned with measurements of the BURT eh LOM coefficient A for normal 
incidence at different temperatures?:9»19,  guch measurements yield 
only one equation relating n and * , which is insufficient for deter- 
mining N. The only deduction that can be made from the results of 
these investigations is that normal skin effect theory gives values 
of A that are too low, the divergence between theory and experiment 
increasing rapidly with decreasing temperature. Taking the skin effect 
into account, assuming diffuse scattering of the electrons from the 
surface of the metal, leads to closer agreement with experiment. 

A smaller group of investigations is devoted to determinations 
of n and xX. In the visible and ultraviolet regions of the spectrum 
these parameters are determined by means of a polarizer, analyzer and 
compensator. The phase difference A of light polarized parallel and 
perpendicular to the plane of incidence is measured for the given angle 
of incidence @ and the direction of therestored polarization is deter- 
mined11,12, Jn the infrared region either the principal angle 9, or |; 
the principal azimuth o> is measured! or the ratio of the reflection 
coefficients for light polarized ee ae and perpendicular to the 
plane of incidence is determined!3,14, Since the frequency %) commonly 
lies either in the visible or near infrared region, it is necessary to 
have data on mgm and M in the infrared region; further, in investigating 
the dependence of sin ~og tan Po On A or on T, One should make certain 
that the measurements are made in the region of frequencies where in- 
equality (1) holds. In actual fact, however, there is very little 
data on n and * in the infrared region available. The most detailed HH 
investigation of the optical constants of a number of metals in the 
region to 4-4.5 microns was made by FuUrsterling and Freedericks!. Un- 
fortunately these investigators worked with metallic mirrors obtained 
by electroplating and cathode spattering. There is no assurance that 
the properties of the metals in thick layers will necessarily be the 
same as those of films formed in the above manner. 
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The results of our processing 
of the data of the last mentioned 
investigation are given in the 
accompanying table and figure, 
where the ordinates represent 
values of N computed according to 
equation (2). It will be seen 
from the figure that it is desir- 
able to carry out measurements in 
a wide range of wavelengths (par- 
ticularly, further into the region 
of longer wavelengths) in order to 
be sure of obtaining a measurement 
interval in which N, as determined 
according to (2), will be independ- 
ent of A. The data in the table 


Variation of the free electron for Au, Ag and Cu are taken from 
concentration with the wavelength Ref. 1 (the values of N shown are 
for some metals: 1) gold, 2) sil- the mean values for the three long- 
ver, 3) copper, deposited by cath- est wavelengths). The data for 

ode spattering, 4) copper, : elec- Sn are taken from Ref. 11 and per- 
trically plated. tain to the visible region of the 


spectrum; for a number of reasons 
they are not particularly suitable 
for use with equation (2). 


Constants of Some Metals Derived from Optical Measurements 


N, calc. % erg cm73 
ace. (2) deg-2 (Ref. 16) 


Ag 1.4-108 
Cu 8.3-10! 
Sn 1.2°108 


We note in passing that the value of N - highly important for 
the theory of superconductivity®%,15 -~ is not known reliably for any 


superconductor. 

It will be clear from the above that there is virtually no modern 
experimental data on n and *, which means that the field here is wide 
open for experimental investigation. As for theoretical problems, the 
most pressing are to take account of the quantum effects (important 
when fRw2kT, where T is the temperature of the metal) and the aniso- 
tropy and influence of mixed conduction, i.e., essentially an evalua- 
tion of the possibility of extending the quantitative theory to poly- 


valent metals. 


"D>, N. Lebedev" Physical Institute of the 
Academy of Sciences of the U.S.-S.-R. 
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ON PHO'rOELECTRIC METHODS IN SPECTRUM ANALYSIS 
- I. S. Abramson and §S. L. Mandel'shtam 


In recent years there has been a rapid development of photoelec- 
tric methods of spectroscopic analysis. The advantages of photoelec- 
tric methods of analysis are common knowledge; their application speeds 
up the analysis, increases its accuracy and automatizes the analytic 
process. It is frequently assumed that only speed and automation are 
gained by the introduction of photoelectric procedures; this is erron- 
eous; higher accuracy is also of great practical import. Present 
photographic methods which are characterized by a quantitative accuracy 
on the order of 3-5% (the accuracy of visual methods is even lower, of 
course) cannot provide the accuracy of determination commonly required 
in practice when the concentration of the investigated element or com- 
ponent exceeds 10%. Photoelectric methods which insure an accuracy of 
within 0.5% of the total content of the measured component provide a 
way out of this difficulty and thus substantially widen the scope of 
application of spectrum analysis. 

Photoelectric methods of analysis, as we noted, are currently in 
process of intense development. It would be erroneous to assume that 
all the problems connected with their use and application have been 
sOlved. However, their development has reached the stage where it is 
expedient to take stock and to formulate, in the light of experience 
gained, the problems arising incident to the operation and development 
of photoelectric equipment. 

Every photoelectric spectrum-recording system consists of four 
basic components: a spectrum-exciting source, a spectroscopic instru- 
ment, a photoelectric radiation receiver and a unit for recording the 
photoelectric current. In photoelectric systems the components are 
generally more closely integrated than in systems of other types. 
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1. Spectroscopic sources 


The spectroscopic sources used in photoelectric systems must 
satisfy particularly exacting requirements us regards reproducibility 
of the excitation conditions. In photographic methods, where the 
photometry error Fohot may amount to 3-4%, the error in analysis due 
to the source Soy Can go as high as 2-3% without seriously impairing 
the overall accuracy of the analysis, for if Sohot = 3% and o.,, = 2%, 
oy - Perot + C2 OM. (The corresponding percentages are even 
higher in the case of visual methods.) On the other hand, when the 
requisite accuracy is 0.5%, obviously the error introduced by the source 
must not exceed 0.3-0.4%. 

It has been established that modern spectroscopic sources assure 
excellent reproducibility as regards the conditions of excitation of 
atoms and that the main cause of instability is variation of the con- 
ditions of introduction of the analyzed material into the discharge. 
The best reproducibility as regards conditions of introduction of the 
material is obtained in spark sources; the worst is encountered in 
arcs, due to the turbulent: nature of the processes occurring at the 
electrodes. 

Unfortunately, the use of spark sources is hampered by the fact 
that this form of discharge produces strong electric interference, 
impairing operation of the electronic recording circuits. Moreover, 
sparks yield less total light. The actual duration of a spark dis- 
charge amounts to only a small fraction of the total exposure time: 


T =27VCL nT, 


where C is the capacitance and L the self-inductance of the spark cir- 
cuit, n is the effective number of oscillations per discharge train, 

f is the number of trains per second and T is the exposure time. For 
example, if C = 0.01 ane L = 25 microhenries, n = 3 and f = 100, T 
equals only about 107° T. 

To some extent the short duration is compensated for by the greater 
brightness of the spark discharge. The brightness of ,a discharge may 
be evaluated on the basis of the magnitude of Is e~E/KT, for Teron 
5000°, Tgp, = 10,000° and E= 4 ev, we get Igna/Iaro 102. Thus with 
a given exposure time, a spark yields about one-tenth the light of an 
arc. AS tests at the Physical Institute of the USSR Academy of Sci- 
ences and in the laboratory of the Commission on Spectroscopy have 
shown, it is possible to accelerate the processes at the electrodes 
of an arc by using an intermittent arc, i.e., by interrupting the arc 
discharge for more or less prolonged intervals, or, in some cases, by 
Operating the arc in an atmosphere of nitrogen (for the purpose of 
reducing the intensity of oxidation processes). 

Sources of this type are apparently the most suitable for photo- 
electric spectrum analysis. Electronically controlled generator cir- 
cuits for supplying arcs were originated in the laboratory of the Com- i 
mission On Spectroscopy (by I. S. Abramson) and subsequently improved | 
and developed for producing intermittent arcs at the Physical Insti- | 
tute of the Academy (by L. S. Shelkov and A. I. Shurygin). Over five | 
years of experience with Such arcs has confirmed their suitability for 
Spectrum analysis. 

A block diagram of the latest version of the arc generator, de- 
veloped in the laboratory of the Commission, is shown in Fig. 1. 
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The pictured circuit 
operates as follows: the 
voltage from the regular a-c 
Supply line is applied to the 
rotary phase shifter PS which 
energizes the limiter stage L, 
uw converting the sinusoidal os- 

cillations into rectangular 
M waves. These waves are dif- 

ferentiated by a RC network 

and the resultant positive and 
ne negative pulses are sorted by 
the divider D: the positive 
pulses go directly to the mixer 
M while the negative pulses are 
inverted by the stage I before 
Fig. 1. Block diagram of generator reaching the mixer. The pulses 
with electronic control. then go through the selector 

Switch Sw to the Shaping stage 

SS, either directly or via the scaling circuit Sca. The shaping stage 
SS forms negative pulses with a steep leading edge. Next we have the 
Stage F which generates the pulses firing the thyratron. The F stage 
is a normally conducting G-807 tetrode with a large inductance (1 henry) 
in its plate circuit. When a negative pulse (from the shaping stage) 
is applied to thegrid, the plate current is suddenly cut off and an 
overvoltage attaining 5-7 kv is induced in the plate circuit inductance; 
this pulse infallibly fires the thyratron. 

The described circuit can be used for different types of source 
Operation: a-c discharge, pulsating d-c discharge of either polarity 
Or intermittent operation with an adjustable duty cycle ranging from 
1:2 to 1:16. The phase of the discharge can be regulated smoothly 
over 180° relative to the phase of the supply circuit. New circuit 
components introduced in this latest version of the generator - specif- 
ically, the rotary phase shifter and the thyratron firing circuit in- 
corporating the inductive load trigger (replacing the previously used 
thyratron trigger) - make for more reliable operation of the unit. 
Experience has shown that the new generator has good dielectric and 
spectral stability. 

Special tests carried out by Raiski and Shelkov at the Physical 
Institute showed that when the discharge regime (current strength, 
duty cycle, polarity, material and shape of the counter-electrode, 
etc.) is properly selected for the specimen in question, highly satis- 
factory results can be obtained as regards accuracy of analysis. 


2. Spectroscopic instruments 


The energetic characteristics of spectroscopic instruments em- 
ployed in conjunction with photoelectric procedures differ from those 
of instruments used in photographic and visual recording of the spec- i 
trum. This is explained by the fact that photoelectric receivers re- 
act to the light flux rather than to the illumination, as do photo- 
graphic plates and the human eye (provided the image area is not too 
small). Hence the transmission of an instrument used for photoelectric 
measurements is determined by other parameters than the transmission of ) 
conventional spectrographs and spectroscopes (see table in Fig. 2). ) 

The transmission of a photoelectric spectrometer depends on the 
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area of the entry slit und 

the uperture of the collimator, 
whereus in the case of photo- 
graphic und visual recording 
the slit area is not a deter- 
mining factor and only the 
aperture of the tube is import- 
ant. Where dispersion is con- 
cerned, we note that whereus 

in the case of photographic and 
visual recording (of line 
spectra) dispersion does not 
affect the transmission factor 
of the instrument, in photo- 
electric recording the disper- 


Tey)? 
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Fig. 2. Comparison of the energetic Sion determines the width of 
characteristics of spectroscopic in- the entry slit s (Fig. 2). 
struments used with photoelectric, Thus, assume that the 
photographic and visual methods of nearest interfering line is 
recording spectra. Situated at a distance AA (in 


angstroms) from the observed 
line; then for separation, the slit image s' must be <=,y) OF, but 
s' = sF/f. Consequently, 


2 


dg = 7 Bh OAD, 


be 


where 9 is the angular dispersion (in radians per angstrom); i.e., it 

is advantageous to use instruments with a large angular dispersion. 

We arrive at the same conclusion without the need for calculation: 

increasing the angular dispersion, resulting in an increase in the 

separation of the lines, permits using a wider entrance slit; on the 

other hand, increasing the linear dispersion at the expense of F is of 
no advantage since in this case 


6*10* raa/A the width of the line images 
increases in proportion to the 
a increase in the disStiunce be- 


tween lines and, therefore, 
the slit width cannot be in- 


aap oop eis creased. The reason for the 
transmission being a function 
A of f rather than of f2 is ob- 
vious: increasing f by a fac- 
é : tor of m reduces the flux by a { 
bot Aree a factor of m“; if at the same 
r time F remains constant, the 
ISP-22 width of the slit image s' is 
ISP-51 decreased by m; consequently 
7 3000 4000 5000 AA the slit width s can be increased 
m times. In° the case of an 
Figs 3. Comparison of the angular equal-arm instrunent, an increase 
dispersion of diffraction gratings in f is accompanied by an equal 
having 1200 und ©00 lines/nm, a increase in F with s' remaining 
60° quartz prism (1SP-22 spectro- constant, i.e., in this case 
graph)and a three-prism glass system the slit width can also be in- 
(ISP-51 spectrograph). creased by virtue of an increase 


in the Tinear’ dispersion. 
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The question arises; what type of dispersing element - grating 
or prisms - is more advantageous from the point of view of obtaining 
the maximum angular dispersion? The angular dispersions produced by 
diffraction gratings having 600 and 1200 lines/mm in the second order 
Spectrum (acc. to Igl), a 60° quartz prism (ISP-22 spectrograph) and 
a three-prism glass system (ISP-51 spectrograph) are compared in Fig. 
3. It will be seen from thefigure that the 1200 lines/mm grating is 
superior to the prism systems inthe entire region from 2000 to 6000 
A, while the 600 lines/mm grating yields to the prism systems only 
in the 2000-2400 and 3700-4300 A intervals. Thus it will be seen 
that a grating assures a higher degree of angular dispersion in vir- 
tually all cases of interest in practical spectrum analysis. More- 
over, use of gratings as a rule permits realizing a greater effective 
aperture (particularly in the ultraviolet region) than is feasible 
with prism instruments. 

Regarding illumination of the instrument slit, it may be remarked 
that whereas in using photographic and visual methods the slit illumi- 
nation must be uniform along its length (so that sharp focusing of the 
source image on the slit is usually impractical) this requirement does 
not apply in the case of photoelectric recording. A system of illumi- 
nation of the slit and light receiver, having a number of merits, is 
illustrated in Fig. 4. | 

The first condensing lens 
(1) focuses a sharp image of 
the source on the slit; the 
second condensing lens (2) 
forms an image of the plane 
of the first condensing lens. 
on the entry element of the 
instrument (usually the object- 
ive of the collimator or the 
face of the prism) and serves 


Fig. 4. System of illumination of to prevent vignetting incident 
the spectrograph slit when photo- to displacement of the source 
electric recording is employed: image along the slit. The last 
l and 2) first and second condensing lens (3) produces an image of 
lenses, 3) lens, m) photocathode. the entry element of the instru- 


ment (or essentially, of the 

uniformly illuminated surface of the first condensing lens) on the 
surface of the photocathode of the receiver. This arrangement insures 
uniform illumination of the same section of the photocathode through- 
out the series of measurenents, which is very important, because the 
surface of most photocathodes is not uniform as regards sensitivity, 
and any displacement of the area illuminated by the beam incident to 
shifting of the source has an adverse effect on the accuracy of results 
obtained. Inasmuch as the brightness of the source image on the slit 
does not depend on the source-to-image ratio, it is advantageous to 
throw an enlarged image of the source on the slit. However, the size 
of the image must be smaller than the length of the slit to allow of 
some displacement of the image incident to wandering and other shift- 
ing of the discharge over the electrodes. 1 

Where such shifting occurs, the described system has certain ad- 
vantages over a conventional three-lens condenser. It must be noted, 
however, that any appreciable displacement of the discharge point 
(source) leads to serious complications in the operation of photoelec- 
tric recording systems; consequently, proper selection of the conditions 
of illumination of the slit and photocathode is of paramount importance. | 
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3. Photoelectric receivers 


At present three types of receivers are used: photon counters, 
Photocells and photomultipliers. Their Suitability for the purposes 
of photoelectric spectrum analysis is determined by their sensitivity 
{threshold/, spectral range of sensitivity, and linearity and by the 
method of recording the photocurrent employed. 


The sensitivity /threshold/ is determined by the requirement that 
the signal (radiant power) must exceed the noise level, i.e. , ‘the 
background count Np in a counter or the dark current I, in a photo- 
multiplier or cell. Obviously what is most important is not the ab- 
solute value of Np) or Iq but the amplitude of fluctuation of the para- 
meter, for if N, or Iq remained constant, one could simply subtract 
the appropriate value from the recorded measurements. In view of 
the presence of fluctuation, the criterion for a detectable signal 
must be Ng 2 36(N. i 5 Ny) for counters and I,2 36(Igiq - Ig) for 
photocells and multipliers, where © is the mean square deviation of 
the quantity in the parentheses. For counters 


3(Neip - Ny) = 3 Yo7(NS + Np) + 620K) 4 56(N,) 


Since (6)N = YN, the sensitivity of a counter is determined by 
the condition that Ns 25 /N,-. Let us introduce the observation time 
and the counting rate (pulses per minute for the signal and back- 
ground - ns and n,, respectively; then Ns = tn. and N,) = tTnp, and 
the sensitivity threshold becomes Ne > 5(m/e)t/2. 

Assuming that in practical measurements Np equals about 5 pulses 
per min., f= 1 min and the quantum yield of a cathode counter a + 10-3, 
we find the sensitivity (threshold) Sco = 2-102 quanta/sec = 10-9 
ergs/sec. 

For photomultipliers we have 


i 961 | and ol, = / 2e (2B + 1)M4fI,. 


Assuming M = 10°, ior is Lor? amp and Af = l/c = 1/50, we obtain 
eG amp. If the response of the photomultiplier is 5 amp/ 
lumen, Sonn = 2-109 quanta/sec = 10-8 ergs/sec. That is, under the 
usual technical testing laboratory conditions the sensitivity of a 
counter is higher than that of a photomultiplier. (It must be empha- 
sized here that we are comparing the thresholds of counters and multi- 
pliers under ordinary technical laboratory conditions; the sensitivity 
of both types of detectors can be raised - i.e., threshold lowered - 
by reducing the noise level by refrigeration, prolonging the counting 
period, etc. As a rule, however, such measures are feasible only in 
research laboratories.) 

In photoelectric spectrum analysis it is important not only to 
detect the signal but also to measure it accurately. If we re-examine 
the question of counters vs photomultipliers in the light of this last 
requirement, we arrive at somewhat different results. | 

The accuracy of measurement inthe case of counters can be charac- 
terized by the magnitude of the quantity R =o (N)/N; in the case of 
multipliers, by R = @(1I)/I, where N and I are the mean values of the 
measured quantity (count or current) and ©(N) ando(I) are the mean 
fluctuations of N and I. For a counter G(N) = JN and R = 1//N. For 
the error in measurement not to exceed 1%, N must come up to about 104 
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pulses. Assuming & quantum yield a = 1073, we find that we must 
record 10/ quanta during the observation interval; at 3000 A this 
corresponds to an energy of 6-1U79 eres. 

For a photomultiplier, o(1) = /2e(2B + 1)MAfI. Assuming 
Aft = l/c, we obtain R = /eM/TI; but I = eMn, where n is the number 
of electrons ejected by the light per second. Consequently, 


peeling ag 
rape JN 


where N = tn, the number of electrons ejected from the photocathode 
during the exposure time; i.e., the expression for k has the same 
form as in the case of counters. However, in the case of a photo- 
multiplier the quantum yield of the cathode is approximately 100 times 
greater than in a counter, i.e., a= sf nd Sa Consequently for the 
error not to exceed 1%, the minimal energy need only be E = 6-1077 
ergs. With an observation time of about 50 sec, this corresponds to 
a light flux of about 107-12 luwens. Under the usual spectrum analy- 
Sis conditions (flux = 107 -197-10 lumens) the statistical error in- 
troduced by the photomultiplier can be neglected. In the case of 
counters under like conditions (flux on the order of 10-10 lumens) 
the statistical error already becomes significant, i.e., amounts to 
an appreciable proportion of the total error. In practice this 
counter-error, apparently, cannot be reduced to any appreciable ex- 
tent by increasing the light flux. Thus, in the equipment developed 
by the Physical Institute of the Academy of Sciences, the actual 
"exposure" time (taking into account the "“off-time" or duty cycle 

of the source) amounts to about 3 seconds;, consequently the counting 
rate to obtain R = 1% should be about 3-10% pulses/sec. At such high 
counting rates, as Shelkov has shown, counter operation tends to be- 
come unstable; moreover, in view of the necessity of resolving the 
close pulses, more complicated scaling circuits must be used. 

For the above reason the use of counters must at present be 
limited to measurements of low concentrations of the investigated 
elements, i.e., to cases where the requirements as regards accuracy 
of determination are not too exacting. Another shortcoming of counters 
is that their range of spectral sensitivity is comparatively limited. 

The most commonly used receivers at present are photomultipliers. 
However, their use is fraught with certain difficulties; they often 
show evidences of "fatigue'' even in recording relatively moderate 
values of the flux and in general have a fairly high dark current. 
Photocells are somewhat more stable than multiplier tubes and have 
a somewhat more favorable signal to dark current ratio. However, 
their sensitivity is rather low and their use imposes rather exacting 
requirements as regards insulation of the input circuit. 


4. photocurrent recording systens 


A great variety of recording and registering systems is used in 
photoelectric spectrometers thanks to the wide choice afforded by 
modern electronics. All the systems, however, are designed to meius- 
ure not the instantaneous value olf the flux from a given spectrum 
line but the value averayed over some more or less protracted inter- 
val (usually between 30 and 100 seconds). Such averaging over a 
certain time interval is essential in order to minimize dispersion 
of the measured data due to variation of the instantaneous value of 
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the flux from the source and fluctuation of the photocurrent. In 
photoelectric recording systems the averaging is usually accomplished 
by means of a RC integrating circuit, having a time constant much 
greater than the observation time. Two 
alternatives are possible: either the 
storage capacitor can be charged directly 
with the current from the photocell or 
photomultiplier (Fig. 5a) or the photo- 
current can be preamplified (Fig. 5b). 

Both alternatives have their specific ad- 
vantages and shortcomings. The principal 
drawback of the former is that when a photo- 
cell is employed the capacitor charge is 
very small; with the values of the light 
flux usually - arapagsirdaa,) the accumulated 
charge is about 5-107 2 - 1-10-19 coulombs. 
In order tO measure such small charges it 
is necessary to resort to special electro- 
metric circuits. Electromagnetic d-c amp- 
lifiers have been commonly used for this 
purpose, despite their operational short- 
Fig. 5. Photocurrent re- comings: they have a tendency to drift, 
cording circuits: a) with and require a set of carefully matched tubes 
direct charge accumulation and an accurately stabilized power supply. 
in a capacitor with subse- When a photomultiplier is used, the charge 


quent amplification, b) on the capacitor is higher - 10-7 - 10-9 
with preamplification, coulombs, - and, hence, easier to measure. 
c) with a dynamic capaci- On the other hand, photomultipliers have a 
tor. comparatively heavy dark current, which must 


be compensated for. Since the dark current 
is not steady, compensation with the requisite accuracy is difficult 
to achieve. 

Both these difficulties are eliminated when preamplification is 
used. Inasmuch as the radiation from the source is usually modulated, 
a-c amplification can be employed. Amplification stability in this 
case is very high and there is no need to conpensate for the dark cur- 
rent since its constant (d-c) component is blocked by the amplifier.* 
The charge on the capacitor can be brought up to as much as 10-6-10-4 
coulombs; hence, its measurement presents no difficulty. 

However, as noted, systems based on preamplification have their 
own shortcomings: in the case of instruments used for simultaneous 
determination of several elements, it is necessary to connect in sev- 
eral amplifiers which obviously complicates the installation. It is 
impossible in such systems to vary the frequency of the source in 
accordance with the analytic requirements. Moreover, such systems are 
more sensitive to electric noises from the generator. 

Direct charging systems do not have these shortcomings: they 
have but one measuring channel which can be switched in turn to a 
nunber of capacitors. As used in our laboratory the most noise-sensi- 
tive section of the system had a small a-c impedance (relatively large i 
capacitance) at the input and the charge could be measured with the | 
generator disconnected. This means that the direct charging system ii 
was less sensitive to electrical noise than the preamplification 
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*The fluctuations of the dark cu sila as was shown above, in the case of I 
spectrum lines having a flux of 107%-107° lumens are relatively small and can | 


be disregarded, 
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circuit.* 

To some extent the various advantages of the systens described 
above have been reunited in the so-called dynamic capacitor circuit 
whose operation is based on the principle of parametric modulation 
formulated by Mandel'shtam and Papalekis. Some results of an investi- 
gation of this system will be given in a paper by Abramson and Maliav- 
kin; here we shall only note that use of the dynamic capacitor per- 
mits designing an electrometric circuit of the type pictured in Fig. 
Sc, having the following interesting features: a) It does not con- 
sume current and can be used for measuring very small charges, thus 
facilitating the use of photocells as light receivers and thereby 
eliminating the difficulties associated with compensating the dark 
current of photomultipliers. b) The dynamic capacitor converts the 
measured d-c voltage on the integrating capacitor to an a-c voltage 
which is then amplified by a resonant amplifier. This feature ob- 
viates drift of the amplifying circuit, the need for accurate stabil- 
ization of the power supply, etc. At the same time the dynamic capa- 
citor system retains all the advantages of the direct charging circuit: 
the use of only one measuring channel, comparative insensitivity to 
noise, etc. It promises, therefore, to be eminently suitable for use 
with photoelectric instruments. 

We have been able to touch upon only a few of the problems in- 
volved in the application of photoelectric methods to spectrum analy- 
Sis. There are naturally many other important and complex problems 
relating not only to the mentioned fields of optics, electronics and 
spectroscopy, but also to other scientific fields, such as metallurgy, 
physical chemistry, etc. For example, there is need for a rapid 
method of bringing the lines of the investigated element into align- 
ment with the exit slit of the instrument, for better and more con- 
venient reference standards, for a method of obtaining more uniform 
Samples, for ways of eliminating the influence of extraneous elements, 
etc. Further development of photoelectric methods of spectrum analy- 
sis requires the close cooperation of scientists in the various fields; 
only the joint efforts of many investigators can insure the success of 
our endeavors. But tne full development and widespread introduction 
of photoelectric methods of analysis is so worthwhile a goal that its 
achievement will repay all the effort expended on attaining it. 


Physical Institute of the 
Academy of Sciences of the USSR 
and the 
Commission on Spectroscopy at the 
OFMN of the Academy of Sciences of the USS& 


“There exist systems in which direct measurement of the charge built up on 
an integrating capacitor is replaced by measurement of the difference in the 
discharging times (to a certain voltage) of capacitors in the "analyzed line’! 
circuit and in a "reference line" circuit. This time difference is propor- 
tional to the logarithm of the ratio of the line intensities, Consequently 
the system operates more directly with the quantities familiar in spectrum 
analysis. Measurement of small charges is replaced by measurement of short 
time intervals, While ostensibly these recording systems are free of some of 
the shortcomings peculiar to the systems described above, they are character- 
ized by other sources of errors inherent in the time-measurement circuit and 
furthermore they require very close voltage control. 
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NEW SPECTROSCOPIC INSTRUMENTS 
- V. K. Prokof 'ev 


During the past three years a large group of new spectroscopic 
instruments has been produced in the USSR. They comprise instru- 
ments intended for scientific research and equipment for use in in- 
dustrial laboratories. Some are prototypes, others have already 
been produced in limited numbers. The first instruments of each 
type have been installed in the laboratories of the new building of 
Moscow State University. 

This new group of instruments is distinguished from the spec-— 
troscopic equipment manufactured hitherto by the following features: 

1. Extensive use of diffraction gratings. During the past few 
years the production of diffraction gratings of different types was 
organized in the Soviet Union and we now have available domestic 
gratings of the following types: concave gratings with a radius of 
curvature of 1 meter, ruled on glass with spacings of 600 or 1200 
lines/mm and different rulings to provide maximum intensity in the 
desired spectrum order; plane gratings with 600 or 1200 lines/mm in 
different sizes. The 600 lines/mm plane gratings come as large as 
150 x 150 mm. The plane gratings are available with different rul- 
ings to throw the maximum of light into the desired order. We also 
now have available the necessary echelette gratings for infrared 
spectroscopic instruments. 

2. Provision of photocells and photomultipliers as receivers 
of radiation, together with the appropriate electronic equipment for 
recording the spectra. 

In developing and producing these new instruments the optical 
instrument industry worked in close contact and cooperation with the 
personnel of scientific research institutes and the Commission on 
Spectroscopy of the Academy of Sciences of the USSR. 

The newly developed instruments may be divided into ten main 
groups: 1) instruments for the vacuum ultraviolet region, 2) high 
transmission spectroscopic instruments, 3) high dispersion and high 
resolution instruments, 4) interferometric instruments, 5) spectro- 
scopic instruments for visual observation, 6) spectrophotometers, 

7) instruments for the infrared region, 8) spectrum source generators, 
9) instruments for studying spectrograms, and 10) demonstration in- 
struments, i.e., instruments used for instruction purposes. 

This short listing suffices to indicate the extensive range and | 
variety of the new spectroscopic instruments and equipment. We shall i] 
now describe briefly the instruments in each group. 


1. Spectroscopic Instruments for the Vacuum Ultraviolet 


1) DFS-6 diffraction-grating spectrograph with a grazing inci- 
dence glass grating having a radius of curvature of 1 meter (Fig. 1). 
This instrument is intended for spectroscopic research in the 60 to 
2000 A region. The availability of this new instrument makes it 
possible to extend the investigation of atomic and ionic spectra in- 
to the extreme ultraviolet. The instrument comes complete with all 
the necessary vacuum equipment which is housed in the special stand 
mounting the spectrograph. For convenience of operation all the main 
parts of the instrument are mounted on a vertical panel; the main body 
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of the spectrograph, carried on rollers, is. clamped against this 
panel for operation. Different types of sources can be readily 
attached to the main flange of the instrument. 

2) Fluorite spectrograph (Fig. 2). This is a relatively small 
instrument with a prism and lenses made of natural fluorite!., The 
spectrum is thrown on a curved surface. In order to insure high 
spectral purity the objectives (simple fluorite lenses) are made 
with parabolic surfaces. The instrument produces a high purity 
spectrum and is intended for photographing spectra up to 1300 A. 

A hitherto unknown group of lines of ionized molybdenum and a unique 
second order collision effect in the glow of a discharge in argon 
have been recorded by means of this instrument used in conjunction 
with a hollow cathode source. The spectra were photographed on a 
film sensitized with transformer oil. In addition I. R. Protas has 
developed a special emulsion for the vacuum ultraviolet which is much 
faster than the familiar Schumann emulsion. As compared with the 
latter, this emulsion requires only 1/4 to 1/5th the exposure in 

the 1400 A region to obtain the same blackening. 

3) Fluorite monochromator, designed as a simple or double mono- 
chromator*. In view of the fact that natural fluorite contains many 
inclusions which increase scattering, it was deemed expedient in de- 
Signing the instrument to provide for the possibility of double 
monochromatization. An external view of the double monochromator 
is shown in Fig. 3. The use of a Wadsworth mounting with lens optics 
permits arranging the optical elements of the double monochromator 
in one line. 

The instrument consists of two parts. The first or main part 
comprises the system of the first monochromator. With a radiation 
receiver placed at the exit slit, this part of the instrument operates 
as a simple monochromator. When necessary the second part of the 
instrument, containing the second monochromator, is mounted in place 
of the radiation receiver. The joint is tight enough to insure main- 
tenance of an adequately high vacuum. The radiation receiver is then 
mounted at the exit of the second part and the entire system operates 
as a double monochromator. It should be noted that the double mono- 
chromator gives somewhat less light in the extreme region. Hence, 
the useful transmission limit of the instrument used as a double 
monochromator lies at about 1400 A. 

Either a photomultiplier with a fluorescent screen (FEU-19) or 
a photon counter with a fluorite window may be used as the radiation 
receiver with this instrument. The use of counters is more advan- 
tageous, inasmuch as they permit detection of weaker radiation. On 
the other hand, the photomultiplier with fluorescent screen can be 
used to make spectral energy measurements. For example, the instru- 
ment with a photomultiplier was successfully used to refine the energy 
distribution in the emission spectrum of a hydrogen tube, previously 
obtained by photographic photometry. This instrument greatly simpli- 
fies the investigation of transmission and reflection spectra in the 
short wave region. 


2. High Transmission Instruments 


Until recently the only high transmission spectrograph produced 
by our Soviet industry was the glass optics ISP-51 spectrograph, 
which was satisfactory for many purposes. However, scientific re- 
search laboratories have long felt the need for high-transmission 
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quartz spectrographs. Among the new instruments we now have the 
ISP-66 quartz spectrograph which has an aperture ratio of 1:4.6 with 
a spectrum length of 90 mm (Fig. 4). This instrument utilizes the 
proven optical system of the ISP-22 spectrograph; however, in view 

of the appreciably shortened focal distances the spherical collimat- 
ing mirror used in the ISP-22 had to be replaced by a unique off-axis 
parabolic mirror. The production of the ISP-66 spectrograph, charac- 
terized by high spectral purity, is evidence of the fact that the 
workers of the instrument industry have succeeded in solving the dif- 
ficult technological problems connected with the production of high 
grade off-axis-focus parabolic mirrors, insuring excellent quality 
spectra in the ultraviolet region. The availability of this new in- 
strument permits carrying out investigations of low-emission sources 
in the ultraviolet (fluorescent emitters) as well as of corresponding 
absorption spectra; a special set of accessories (KPS-4) is produced 
for absorption work. 

Another noteworthy instrument in this category is the new super- 
high-transmission glass spectrograph with a lens system, having an 
aperture ratio of 1;:0.7. This instrument can be used for studying 
very weak fluorescence in the visible range of the spectrum as well 
as the glow of the night sky. The instrument is made in two versions; 
a laboratory model, designated ISP-26 (Fig. 5) and having the charac- 
teristics of a conventional spectrograph and a portable field model, 
designated ISP-63 (Fig. 6), mounted on an azimuth circle and having 
provision for sighting the instrument at any desired region of the 
sky. This instrument has a very large glass prism (base over 100 mm) 
and a compound, micro-type glass objective. Despite the large size — 
of the optical elements the instrument produces a high quality spectrum. 

This group also includes a very high transmission (aperture ratio 
1:7.3) spectroscopic instrument of original design, utilizing a plane 
diffraction grating. This is the DFS-4 instrument pictured in Fig. 7. 
The spectrum can either be photographed on a flat plate or recorded 
by means of a FEU-17 photomultiplier equipped with a suitable ampli- 
fying system. After amplification the spectrum is recorded by a 
mirror galvanometer on a strip of photographic paper. To permit re- 
cording of weak spectra (such as Raman spectra), the instrument design 
incorporates all possible provisions for insuring a maximum flux 
transmission, including long entrance and exit slits (to 40 mm) and 
provision for mounting a 150 x 150 mm plane grating, ruled with 600 
lines/mm to concentrate the light in the desired orders in the visible 
range of the spectrum. The focal length of the instrument lens is 
1200 mm. The reciprocal dispersion is 13.5 A/mm. The optical design 
of the instrument permits recording a Raman spectrum in about 15 min- 
utes (photographing a like spectrum takes upwards of an hour). 

The 600 lines/mm grating is interchangeable with a 1200 lines/mm 
plane grating. With the latter the aperture ratio is reduced to 
1:10.4 while the reciprocal dispersion is 6.5 A/mm. 

Tests with the instrument and with mock-ups assembled in the 
course of its design have shown’ that the instrument can be used to 
record the Raman spectra of constituents of hydrocarbon mixtures pres- 
ent in amounts down to about 1%. Satisfactory results are also ob- 
tained in recording the Raman spectra of different types of glass, 
which are difficult to study by means of photographic procedures. 

The availability of this instrument will greatly facilitate the in- 
vestigation of fluorescence and phosphorescence spectra, the line and 
band spectra of luminescent molecules, various types of absorption 
spectra, the intensity distribution in certain emission spectra, etc. 


A special attachment developed for the ISP-9s1 spectrograph may 
also be classed in this group of instruments. This attachment is 
essentially an exit collimator with a focal length of 300 mn, equipped 
with a photomultiplier, suitable amplifier and recorder in the form 
of a mirror galvanometer recording on a strip of photographic paper. 
The attachment (PS-381 - see Fig. 8) can be used with any production 
model ISP-51 spectrograph to record Raman spectra, luminescence and 
similar spectra. The attachment has a high transmission factor; its 
dispersion, however,is not particularly high. . 

The PS-382 instrument, so far existing only as a prototype, al- 
so belongs in this group: this is an exit collimator with a focal 
length of 800 mm, designed to serve as an attachment ot the ISP-ol 
spectrograph (Fig. 9). This instrument comes with two photomultipli- 
ers: a FEU-17 and a photomultiplier with a cesium oxide cathode, 
which is still in the experimental model stage. Tests with the model 
indicate that the instrument should prove particularly useful in in- 
vestigating spectra in the near infrared - to 10,000 A4. 

There can be little doubt that the introduction of the PS-381 and 
PS-382 attachments on the one hand and of instruments of the DFS-4 
type on the other marks the beginning of widespread use of photoelec- 
tric recording methods in spectroscopy, with an effective saving of 
many spectroscopist man-hours. In fact, even the relatively few in- 
vestigations so far carried out with such instruments have clearly 
proved their advantages. 


3. High Dispersion and High Resolution Instruments 


1) ISP-67 multiple prism spectrograph with interchangeable cameras 
(Fig. 10). The instrument employs three Large glass prisms (150 ma 
faces) mounted in a unique system which permits using either conven- 
tional direct transmission or autocollimation. The instrument is sup- 
plied with three interchangeable cameras with appropriate collimators. 
The two short-focus cameras are intended for investigations requiring 
higher speeds; the long-focus camera (focal length 3 meters) is in- 
tended for use with the spectrograph optical system in the autocolli- 
mation setting and when so used permits obtaining a resolving power 
of 200,000 or more with high dispersion. Thus it can be used for 
direct photography of the hyperfine structure of individual spectrum 
lines. For example, in the 4000 A region with a reciprocal dispersion | 
of 0.88 A/mm, lines only 0.04 A apart are readily distinguished. | 
Fig. 10 shows the instrument with the large camera in place. | 

2) DFS-2 two-meter diffraction grating spectrograph (Big. 11] | 
This is the first Soviet made spectroscopic instrument with a concave i 
| diffraction grating, employing the classic Paschen-Runge mounting®. i) 
The instrument has two gratings with 2 meter radii of curvature - one ), 
) with 600, the other with 1200 lines/mm - mounted one above the other 
and can be used for photographing the spectrum on one long strip of 
film over the entire range from 2000 to 10,000 A. The overall length i 
of the spectrum is 1 meter with the 600 lines/mm grating and 2 meters | 

| 


with the 1200 lines/mm grating. The instrument is equipped with spec- 
ial film holders permitting photography of 0.5 meters of spectrum in 
; one exposure. The purity of the spectra Onbaenees testifying of the H| 
5 high quality of Soviet made diffraction grating’, puts this instrument | 
in the class of top grade spectrographs, suitable for studying con- Hi 
plex spectra. This instrument will doubtless find wide application | 
both in scientific research laboratories and in industrial spectroscopic 
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Fig. 7. DFS-4 High-transmission spectro- 
graph with plane diffraction grating. 
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Fig. 8. PS-381 Attéichment for 
spectrograph (exit collimator). 


laboratories where ma- 
terials characterized 
by complex spectra must 
by analyzed. 

3) DFS-3 large dif- 
fraction grating spectro- 
graph (Fig. « - this 
instrument, which is even 
better suited for the in- 
vestigation of some com- 
plex spectra than the 
preceding spectrograph, i 
has a plane grating and a if 
4 meter focal length | 
spnerical wairror. Fit \ 
takes flat photographic q 
plates up to 24 cm in | 
length®. The spectrum is | 
photographed in small sec- 
tions but with very high 
dispersion: the plate 
factor with the 600 lines/ i 
oe eee PN BIS ina Wikies a a ce ne ee ars DOR a eas mm grating is 4 A/mm and 
Fig. 10. ISP?-67 Multiple prism spectrograph 2 A/mm when the 1200 lines/ | 

with interchangeable cameras. mm grating is used. Hence, Hi 
the instrument permits of 
direct photography of the | 
hyperfine structure of Mi 
mercury lines. The use 
of a plane grating, assur- i 
ing a spectrum free of | 
astigmatism, permits coni- 
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Fig. 9. PS-382 Attachment. 
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Russian designations: 


= A = IG = “Ur 
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instruments for special studies of a complex spectra. ‘Thus, this 
instrument may be crossed with a Fabry-Perot etalon for investigzat- 
ing the shape and structure of individual lines of complex spectra. 
It can also be crossed with a kozhdestvenski interferometer (a limited 
number of these has also been produced for Moscow State University) 
to study the fine detail of unomalous dispersion phenomena and in- 
vestigate dispersion anomalies in the vicinity of individual spectrum 
lines. 

By way of illustration a portion of the are spectrum of iron in 
the 3100 A region obtained by means of the instrument with the 1200 
lines/mm grating is shown in Fig. 13. It should be noted that the 
two diffraction grating instruments (DFS-2 and DFS-3) yield a higher 
quality spectrum than the KS-55 and UF-85 prism instruments with the 
Same dispersion and resolution. 


4. Interferometric Instruments 


In this group we have Fabry-Perot etalons, permitting observa- 
tion of interference with a path length difference /2t/ of up to 300 
mm. The etalons are supplied with a large assortment of plate spacers 
ranging from 0.3 to 150 mm in thickness. This assortment of spacers 
allows the etalons to be used for a variety of spectroscopic purposes, 
from investigation of Raman spectra to studying the structure of sep- 
arate lines of the heavy elements. The Fabry etalons are made in two 
variants: 1) for work in thevisible range of the spectrum with the 
etalon installed inside the ISP-51 spectrograph (Fig. 14) and 2) for 
investigations in the ultraviolet range with the etalon mounted out- 
side the ISP-22 spectrograph (Fig. 15). Special accessories have been 
developed for mounting the etalons in and on the said spectrographs; 
however, these etalons can also be used in conjunction with other 
spectroscopic instruments. To illustrate the high quality of these 
etalons, it may be noted that with the 300 nm path difference (150 mm 
spacer) One can observe the interference pattern for the green kryp- 
ton line emitted by a krypton tube operated at the temperature of 
LiguisaeasT., 

In addition to the Fabry etalons, a few small glass Lummer plates 
have been produced for use with ISP-5l spectrograph. These Lummer 
plates are intended exclusively for student laboratory work and have 
a resolving power of 20,000. 


5. Spectroscopic Instruments for Visual Observation 


Worthy of first mention in this group is the SP3e portable spec- 
troscope which is issued in two models; a hand model (Fig. 16) and 
a stand mounted one (Fig. 17). The SP38e is a direct vision instrument 
with three prisns intended for visual observation of emission and ab- 
sorption spectra. A special attachment fitting over the entry slit 
permits direct observation of the absorption spectra of solutions, 
which nakes the spectroscope a very convenient instrument for the 
selection of suitable absorbing materials, rapid visual inspection 
and comparison of the absorption of different substances, and numer- 
ous Other purposes. This instrument is virtually indispensable for 
any spectroscopic laboratory using different light sources and par- 
ticularly gas discharge tubes. 
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Fig. 14. ISP-51 Spectrograph with Fabry 
etalon mounted inside the instrument. 


Fig. 18. SL-10 Styloscope. 


For a period of years 
no '"styloscopes" and "Styl- 
ometers" /visual compara- 
tors/ were manufactured in 
the USSR. Recently produc- 
tion of the SL-10 stylo- 
scope (Fig. 18) was started; 


3 9 7s vane this is a small autocolli- 
Fig. 15. Fabry etalon for the ultraviole mating spectroscopic instru- 


and its installation outside the ISP-22. ment, designed for rapid 
sorting and classification 
of spectrum lines. The new 
ST-7 stylometer has an | 
S interesting and original i 
optical system. Instead of 
the polarizing optical sys- 
tem employed in earlier 
Soviet stylometers, this 
instrument uses photographic 
wedges for comparative pho- 
tometry of spectrum lines. 
The unique optical system 
employed permits locating | 
the spectrum lines compared 
almost next to each other. 
This obviously increases 
the accuracy of analysis. 
The instrument is regularly 
Supplied with the production 
model IG-2 spark generator®. 


Fig. 16. SP3e Hand Fig. 17. SP3e Hand oO. Spectrophotometers 


spectroscone, spectroscope mounted 


on stand. The SF-4 spectrophoto- 


meter with quartz optics for 
the visible and ultraviolet 
regions of the spectrum is 
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Fig. 23. Gas cell for IKS-6 


spectrometer. 


Fig. 20. SF-2 Automatic spectrophotometer. 


Fig. 22. IKS-6 Infrared spectrometer Hh 
with high resolving power. 


Fig. 24. Special generator with 
electronic control. 
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already familiar to many Spectroscopists; this instrument is equipped 
with ceSium-antimony and cesium oxide photocells, operating in a 
Single-beam System, with electric compensation by means of a cali- 
brated measuring potentiometer. 

A recent addition to this group of instruments is the SF-2 auto- 
matic, glass optics spectrophotometer (Fig. 20) designed to record 
absorption spectra in the visible region directly on paper. For this 
purpose the instrument employs a special electronic amplification and 
comparison circuit which automatically gives the absorption in terns 
of percent of transmission. The instrument will be widely used to 
measure the reflection and absorption Spectra of many substances, 
particularly dye solutions. 

However, the production of such complex precision instruments 
does not necessarily preclude the manufacture of simpler spectro- 
photometers which are both cheaper and more versatile. Among the 
advantages of such simpler instruments as compared with most precision 
Spectrophotometers is that they can be used with high light fluxes 
and, therefore, permit investigation of more opaque objects. In re- 
cent years several types of such Simplified spectrophotometers have 
been developed in the Soviet Union. 

One type, based on a focal monochromator10, is intended for work 
in the visible and ultraviolet regions of the spectrum. It permits 
separating out narrow sections of the spectrum (10-15 mi). The in- 
strument is used with radiation receiving, amplifying and measuring 
Systems Similar to those employed with the SF-4 spectrometer. An ex- 
ternal view of the instrument is shown in Fig... 21. 

Another sinplified instrument uses interferometric filters for 
the visible and near infrared regions and can be employed for the in- 
vestigation of both transparent and opaque objects. Here, too, the 
radiation receiving, amplifying and measuring system is analogous to 
that employed in the SF-4 spectrophotometer. Although at any setting 
this instrument shows a rather wide section of the spectrum, in view 
of its simplicity it should find wide application in those branches of 
the national economy where light absorption methods of analysis are 
commonly employed, particularly for the inspection and control analy- 
sis of mass-produced materials. It may be noted that our instrument 
industry is aware of the need for the development and production of 
Simplified spectrophotoneters. 

Finally we might mention the potential usefulness in spectroscopy 
of the special absorption filters for the ultraviolet suggested by a 
number of Soviet scientists. The availability of such filters will 
further the development of special Be ee Raa e instruments for ana- 
lytic work in the ultraviolet regionll, | 


7. Instruments for the Infrared Region 
Ble otha de Aah Ho aallice Me tattle Aakers RO At ete hb 


The IKS-1ll is an infrared prism Spectrograph consisting of a 
multiple component installation, intended for obtaining the absorption 
curves Of various substances in the spectral region extending to 25 uw. 
The spectrum is recorded in the form of a trace on photographic paper; 
the recording unit employs a systen of photoelectric-optic amplifica- 
tion developed by Kozyrevl2k13 

In order to be able to produce this instrument it was necessary 
to solve a series of technological problems connected with grinding 
off-axis-focus parabolic mirrors and growing large artificial crystals. 
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These problems were solved and our laboratories now have excellent 
infrared spectrometers capable of recording the Spectra of diverse 
Organic substances. The availability of these instrunents facilitates 
detailed investigation of molecular spectra and the study of the 
structure of molecules and make it possible to solve many technologi- 
cal control problems encountered in the production of fuels, polymers, 
Synthetic rubber, etc. 

In addition to the above instrument, a number of IKS-6 two prism 
infrared spectrometers with a high resolving power have been produced 
(Fig. 22). This infrared instrument differs from the IKS-1ll as re- 
gards its optical system: it employs two prisms with a common base 
of 200 mm instead of the Single 70 mm face prism used in the IKS-1l. 
The highest resolving power is 1.4 cm-! as against 3 cm-! in the 
IKS-1l1. The aperture ratio is 1;:5.5, i.e., somewhat inferior to that 
of the IKS-11 (1:4.5). 

To meet the needs of infrared Spectroscopy and analysis thermo- 
static absorption cells for liquids and gases have been developed and 
are now available as prototypes. The cell for liquids is of the ex- 
pansion type and can be adjusted to provide layers of different thick- 
ness, down to some hundredths of a millimeter. The gas absorption 
cell is to be made in two sizes: one with an overall gas column 
length of 150 mm, the other with a 300 mm column. The cells will be 
thermostatically controlled to maintain constant temperatures in the 
-60° to +150°C range, and are intended primarily for use with the IKS-6 
spectrometer. Fig. 23 shows the 300 mm column gas absorption cell. 


8. Spectrum Source Generators 


Two source generators - the IG-2 spark generator and the DG-1 
arc generator - both of which have proved to be reliable units, are 
now in series production. It may be noted that the DG-1 are generator, 
incorporating the original circuit proposed by N. S. Sventitski, is 
finding ever wider application in spectrum analysis, thanks to the po- 
tentialities of its design. This versatile generator can be used for 
producing different types of arcs, Sparks and high-frequency discharges. 
The spark regime is often used in the analysis for elements whose 
spectra are difficult to excite; the high-frequency regime is now 
used in determining the thickness of coatings and for the analysis 
of materials available only in very small quantities. However, this 
generator employs a high-frequency ignition system which does not in- 
sure sufficiently stable excitation. Accordingly, a number of elec- 
tronically controlled generators, free of this shortcoming, have re- 
cently been developed. 

One such special generator, developed at the request of Moscow 
State University, is shown in Fig. 24. An experimental model has been 
assembled and is now being tested!3. This is a universal type genera- 
tor designed to meet the needs of both research spectroscopists and 
industrial spectroscopic laboratories. It provides power for differ- 
ent discharge regimes between metallic electrodes, from low intensity 
arcs to extremely bright flashes of high power. The instrument has a 
Wide range of capacitance and inductance adjustments. The high power 
(brightest) flashes yield spectra duplicating some of the features of 
the solar spectrum. For example, a 400 ampere arc flash discharge 
between copper electrodes gives a well-developed absorption spectrum 
of neutral and metastable copper atoms as well as of copper ions. This 
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spectrum stands out clearly against a rather intense continuum. 

; The generator has provision for flexible control of the instant 
of discharge; a special circuit permits varying the ignition phase 
Over a wide range. An appropriate scaling circuit makes it possible 
to obtain uni-directional discharges every cycle, or, if desired, 

Only every second, fourth, eighth, sixteenth, etc. cycle. The experi- 
mental model generator is housed in a Special air-tight cabinet which 
meets all the current requirements for modern spectroscopic labora- 
tory equipment. The cabinet both deadens the noise of the discharges 
and permits exhausting the gaseous discharge products to maintain an 
atmosphere of constant composition in the discharge region. The high- 
voltage and high-frequency components of the generator are enclosed 

in a metal shield inside the cabinet to insure Suppression of the 
high-frequency oscillations of the discharges and eliminate external 
Static and interference. Tests on the model have shown that the gen- 
erator can provide stable discharge characteristics necessary for high 
precision quantitative spectrum analysis. 


9. Instruments for Studying Spectrograms 
Se arsilecaneeterciettnnne=etainceeeaaara Sra ee OT ee a ee 


1) STL Spectrogram viewing stand. A number of different stands 
for examining and Comparing Spectrograms have been produced in the 
past, but all of them suffered from more or less serious defects. 
These shortcomings have been largely eliminated in the new STL stand, 
which can be used for examining Plates up to’ 9 x’ 24%¢m in ‘size. I1- 
lumination is provided either by an electric lamp or by daylight. The 
possibility of using daylight is very important where geological field 
laboratories are concerned. This stand is illustrated in Figy 25, 

2) MF-4 recording microphotometer. This conparator of original 
design is based on the production model MF-2 photometer. The design- 
ers have skillfully added the recording part to the basic comparator, 
so that the MF-4 can be used at will either as a recording instrument 
or as a direct reading comparator (i.e. as a standard MF-2). The re- 
cording is accomplished by means of the illuminating lamp and mirror 
galvanometer used in the standard MF-2. The regular selenium photo- 
cell used in the MF-2 was also successfully utilized in the new re- 
cording instrument. At first it was feared that the selenium cell 
would not assure a sufficiently accurate record for measurement pur- 
poses. Tests showed, however, that these fears were groundless. It 
was thought that the selenium cell would cause the null to wander. 

In fact, a special device was developed to reset the null value at the 
instant of recording. However, experiments showed that the null match-— 
ing circuit is sufficiently stable so that no re-setting is necessary. 
The instrument records microphotograms quite rapidly and produces a 
satisfactory and accurate trace. Extensive tests of the instrument 
indicate that it is simple to use and dependable in operation and 

there can be little doubt that it will find wide acceptance in spec- 
troscopic, x-ray and electron diffraction laboratories!4, Fig. 26 
shows the microphotometer proper, without the motor and lamp voltage 
stabilizer. 

3) A special projection viewer for the detailed.study of spectra 
has also been produced. The instrument is designed to permit widening 
narrow spectra (for example, star spectra) and minimizing graininess 
of the image due to the photographic grain of the emulsion. Some time 
ago Linnik suggested the use of an oscillating objective in spectrum 
viewing microscopes in order to obviate graininess of the examined 
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Fig. 25. STL Viewing stand. 


Fig. 26. MF-4 Recording micro- h 
vhotometer (view without motor i 
and voltage stabilizer). } 


Fig. 28. ISP-74 Spectrum projector 


/ 
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image. Instead of the oscillating objective, however, the designers 
of this projector introduced a special system of cylindrical lenses 
which by eliminating the graininess permits greater enlargement and 
makes it possible to distinguish finer detail in complex spectro- 
photographs. The optical system also provides for comparison of two 
different spectrograms (i.e., consists of a dual projection system). 
An external view of the projection viewer appears in Pig. 273 


10. Demonstration Instruments 


It may be objected that the equipment in this group does not 
belong to the category of true spectroscopic instruments. However, 
in view of the necessity of training students no one can deny the 
need for demonstration instruments. Among the instruments in this 
group we must mention the ISP-74 lecturer's spectrum projector (Fig. 
28). This instrument can be used for projecting spectra of different 
types on a Suitable screen from the lecturer's stand. This is a prism 
instrument employing a modified Wadsworth mounting. The objective 
lens has a focal length of about 4 meters so that the spectrum is 
thrown onto a screen at some distance from the instrument. The in- 
strument is the only one of its kind for it can show a continuous 
spectrum from an incandescent filament and line spectra from an arc 
between metal electrodes, both in the visible and in the ultraviolet 
regions. For demonstrating the latter the screen is coated with a 
fluorescent paint. To permit showing ultraviolet spectra, the entire 
optical system is made of fused quartz. 

Another interesting instrument is the OSK-1 spectroscopic bench, 
with an assortment of different optical components which can be 
arranged to illustrate the systens of different spectroscopic instru- 
ments: single and multiple prism spectroscopes, diffraction grating 
spectrometers, etc. This demonstration bench is an innovation in our 
student laboratories and should prove to be a valuable teaching aid. 
In addition it can be used to assemble set-ups for testing and experi- 
mental purposes. The bench with its accessories arranged at random 
is shown in Fig. 29. 

It is impossible in so brief a report to describe any of the 
instruments in detail. The purpose of this communication was to sum- 
marize systematically the achievements of our Soviet industry during 
the past three years. It will be noted that our optical instrument 
industry iS now capable of producing a large number of new spectro- 
scopic instruments. Whereas only a few years ago we produced only a 
few types of instruments which just barely satisfied the basic needs 
of industrial spectroscopic laboratories and could not at all meet 
the more exacting requirements of research and scientific institutions, 
now our Soviet industry has mastered the production of all necessary 
types of spectroscopic equipment and has, furthermore, gained the 
experience and know-how that will serve it in good stead in develop- 
ing and producing even better and more advanced instruments in the 
future. 

It should be noted that during the past three years our Soviet 
optical industry has designed and produced five times as many new 
instruments as in its entire history prior to 1952. Such productive 
growth is truly phenomenal. It bears evidence to the high degree of 
technological organization attained in the industry as the result of 
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close collaboration between the workers of science and industry. 

It is evidence, too, of the great qualitative improvement of its 

cadres, to the growing skill of the designers, technicians and 

workers, who have mastered a new field of production in so short 

a time. We can be certain that this group of new spectroscopic 
instruments will be supplemented by more improved instrunents, in- 
struments which will assure the successful solution of many of the 
complex and difficult problems facing our country in putting into 

effect the decisions of the Nineteenth Congress of the Communist | 
Party of the Soviet Union. . 
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SPECTRAL CHARACTERISTICS OF SOVIET DIFFRACTION GRATINGS | 
~ F. M. Gerasimov 


in modern spectroscopy are being produced in the Soviet Union. 
Gratings are being made with 200, 300, 600 and 1200 lines/mm, with | 
ruled areas ranging from 50 x 50 to 150 x 150 mm. Concave gratings 
are being made with 1, 1.5, 2, 3, 4 and 6 meter radii of curvature. 
The gratings are ruled on aluminum over glass and directly on glass. 
The present report is concerned with the principal spectral 4 
characteristics of domestic (Soviet) gratings. The data cited rep- i 
resent averaged results obtained by different testing methods. Ih 
Most of the gratings having 200, 300 and 600 lines/mm produce Uy 
virtually perfect spectrum lines with truly symmetrical contours in it 
the first and second orders and have a resolving power closely approach- i 
| 
1 


At present almost all the types of diffraction gratings used 
i 


ing the ideal. The first order spectra of a considerable proportion 
of the 1200 lines/mu gratings and the second and higher order spectra 
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of most of the larger size 600 lines/nm gratings show a weak back- 
ground and false lines in the vicinity of the spectrum lines. Al- 
though this does not reduce the resolving power of such gratings, 

it does make them unsuitable for the investigation of complex struc- 
ture spectrum lines. The best gratings produce an excellent spectrum 
in the high orders and have «a resolving power of up to 400,000, 

A spectrogram of the green and blue (5461 and 4358 A) mercury 
lines obtained by means of a 150 x 150 mm grating with 600 lines/mm 
is reproduced under Fig. 13 of the preceding article (see page 336). 
On the original photograph one can readily distinguish lines only 
0.01 A apart. 


The intensity of the Rowland 


Reflection coefficients of ghosts produced by the 600 lines/mm 
diffraction gratings gratings amounts on the average to 
5 a a ag mn a 0.1% of the parent line intensity; in 
i q 5 " Reflection fac- the best gratings the intensity may be 
o § rt) tor at max. as little as 0.02%. No Lyman ghosts 
aon iy | are observed. The 1200 lines/mm grat- 
rt a “wo Mean Maximum ings, in addition to the principal 
i i ; spectrum, show very weak secondary peaks 
600 I 70 80 located at the Same diffraction angles 
600 if 55 65 as the odd-order maxima thrown by the 
600 ee 45 55 600 lines/mm gratings. 
1200 I 90 70 The gratings scatter less light 


than equivalent prism systems. 
Reflection gratings ruled on alumi- 
num coatings yield high concentrations. The direction in which the 
maximum concentration is thrown varies over a wide range. Data on the 
mean and maximum reflection factors of the 600 and 1200 lines/mm grat-— 
ings are summarized in the accompanying table. 

The intensity distribution in the regions of high concentration 
is in reasonably close agreement with the theoretical formulas. 

Both the plane and the concave gratings sometimes show focal 
deviations due to ruling errors. In the case of plane gratings the 
deviations are usually small and of a random character and can gen- 
erally be compensated for by adjustment of the focusing system of 
the spectrograph. In the case of concave gratings the ruling error 
is usually systematic. The spectrum lines obtained by means of such 
gratings are focused along a curve deviating somewhat from the Rowland 
circle. The shift of focus can be eliminated by mounting the grating 
so that it is tangent to the Rowland circle not at its geometric cen- 
ter but at some other point, selected in accordance with the magnitude 
of the deviation. 


* * * * * 


RADIOSPECTROSCOPIC INVESTIGATION OF MOLECULES 
~ N. A. [risova 


The Jiuk1/. report gives data on the equipment for radiospectro- 
scopic investigation of the rotational spectra of molecules, designed 
and constructed by a group, headed by A. M. Prokhorov, in the Vibra- 
tion Laboratory of the Physical Institute of the USSR Academy of 
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Sciences. A brief description of the constructed radiospectroscopes 

having a sensitivity of 2-10-78 em-l with a 2 cps pass-band detector 

is given. By means of these spectroscopes the frequency of absorp- 
tion lines can be determined with an accuracy of 1 part in 10® and 

nan absolute values of the absorption coefficients measured to within 
-10%. 

The report also gives results of frequency and intensity meas- 
urements of the hyperfine-strugture¢ line associated with the J=o~—l 
transition of cl2y 41127 and c1Sy51 27 molecules. 

Currently the group is studying the structure of a series of 
organic molecules. 


Physical Institute of the 
Academy of Sciences of the USSR 
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ON THE OPTICAL-ACOUSTICAL EFFECT IN THE MICROWAVE REGION 
- G. G. Neuimin and O. I. Chernyshevski 


The first report on the existence of an acoustical effect in the 
microwave region, analogous to the optical-acoustical effect in the © 
infrared investigated earlier by Veingerov+ was published in 1946 by 
Herschberger@. However, no practical application for the effect was 
found until 1953 when Vasil'ev and Zhabotinski3 proposed utilizing the 
optical-acoustical effect to measure microwave power. In the receiver 
suggested by these investigators a metallized collodion film was to 
serve as the power absorber. As far as we know the acoustical effect 
in the centimeter wave region has not been studied until now. 

We attempted to observe the effect and to utilize it for the 
purpose of determining the lifetime of excited states by means of a 
method similar to that successfully employed by Slobodskaia and Stepa- 
nov4 in the infrared region. 

Our set-up consisted of a 3-cm, 10 mw output oscillator and a 
resonant cavity filled with the absorbing gas (ammonia). The cavity 
communicated with a second chamber containing a microphone. The high- 
frequency radiation was modulated at a frequency of about 1.5 kc. 

The amplified signal from the microphone was applied to a phase de- 
tector, designed to compare the phase of the signal with that of the 
voltage modulating the klystron. We measured the variation of the 
phase shift of the signal with the pressure of the ammonia and with 
its concentration in ammonia-air mixtures. 

It was found that a phase shift occurs only at certain modula- 
tion frequencies and with definite concentrations of ammonia on the 
anmonia-air mixture. Additional tests established that the observed 
phase shift is due to purely acoustic factors (i.e. is connected with 
a phase shift near the acoustic resonance frequency of the cavity) 
and is not associated with phase displacement due to the finite life- 
time of the excited NH, molecules. Thus, under the experimental con- 
ditions (i.e. Py, > 100 mn Hg) the lifetime of the excited state 


tenoo an} 


ae GGoso1? 20qGe20) bu" 
“SOTSIOT ED Huged-SeEng 
_—qreada to 


: — 
f Oybacey mt sna avaourO.s 


cetot isos metsqgtorta of 


SHILW OF HOovuseun = 
ee! 


4 a ee - 7 2 
Ben giiensini ban yaseupsit te es ivas avig o 
eo = ed3 didiw oatsioces ones 7 srtayise~eas Fp 
yr -aoiuostfoie *°*iph *2D bra ***I 
a | geite4 x tO siofoustie ofs yolvybule f @guotsa 
4 
1s £6 
; S&7~.70 
rm ° * + 4 


7 4 on 
> o 7 
os 


. Holes 2vAvoso\ » 
g teetedecanse’ ! 


THT KAI VSS FAs LATDITAUOVA- 
Pa, 8, Abe iImmigash..2 .o 


a 


eis fanticueoss ax to oonetai: 
; a xis ear savopr-inoitqge on’ os auc 
eat tr Beteridvy &av 
B-Sdstte edt 203 aocisot fads 
@eiisu beaogotq “tvenitodsdS bac v: 
ri Bas at —LO709 SVEWGIOTSG Behe od @I959 176 
ea Pane? HROLLOLlos bok! ifasiem s @ 
Meotkwuccn sis wood Sw at taierA .4 


igsit 


egiJzovat 


* $Wonm Sifau bethiuse dood Jon aed notgex svaw tetemtiaes ef3 Ot , 

} tot ot seciitu G2 bus Tostte ods ovisedo oF betqaeisa SW 

fidem yd 2275 dz bericgze to i#¥oTll et? Gutniareteb to seoqtmy 

a Reetebovel= yd peyolaus yilys Bebe) tsid Of tal initia bodicn : 
= 4 vis betTuTiit adj os yon “i? 
ates Sos8iitsec ItGgzuo wa Cf .mo- lo ‘Ie 09 gu-stee tao “a 


«(a leown } #2ey Bi La TRC! 


Y ott 


L (Sietiiaet ie a4 HUAN ST io * 3oCa > povugcee 
of c.f SvuOun 16 yornavpestt «¢ 28 os kiubom- eey 
Seana & OF betliqge ecw efiodqotolm sit wor! 


Gans niiw iecagiae ei Yo saaittg sedi sitsqmos 
2. ~ to Hotvsativevy eft leiveson » GOT feyin efi 
Fé 5 iw bie BIHONMS TO Sareesta edt AtIiw isn 
ie. tsiyixulw tis 


oe. 


ano 


qWI EVES wna i909 YORS s9ALNOBZS" 


> emiil atinit ont oF sub JIaowovalqgaetb sacitiia di b 
imi Anvil taqxs a:lt wobsra way - 66lvool ow 
rs "SATs HSiione avs te uaigotil of9 (of wa OC! 


; to poitatipsveb tatad A 

gap £ a nstw i-gs S°O01.8 toe yiiviziases 

5vuqga2 spans 40 BtrASow val « ita¥ 

ip 

See 8Gl ai truq 1 te voateoon ca dtiw boatareteb ad aap meanl ee 
2 t to eoutav otuloeda edd 


« troqes eff 
qi eat. 30 atusrety i 
H-4+9 to aeldtaaata 


a3 yftaerid * 
_eeluosionm Dingyio ’ 


ejujivaanl fisoteyad 7 
230091908 Yo ymebeod : 


IAS TTS0O 


ome 
solaon 
sgijeovnt betst Int 
wet .*tegsusddoatel 
enw C&é@h ikinw bavet 
aD 


- i 
Sess 


hnoteut tev yd iiixao bet 


saitoeTds 


Rope yIivVas 


ary ae 
saniz2 
+3 wen] piezeb 


HLS 


nomms AE 


oLjiavene odd nen Jilde SeAng Boo 

oselooesa gon el bas —- 

fh battoxe edd Io omEee 
% ug? *% {) anois 


pola 


aHT HO 


yatit sit 
nolyet evaewozoin 


ijauoona-Isotigo 
qa besasgyue 


tewoq 602 es SvVIe8 


lissoaes 
iiw bertaninuaaos “7 
yousupstt 
Soirtique 6at — 
, tofoe? 
tiniubom opel flow 
Io Jtide eesdq — 
noijattaesnos efi” 


ous 


“=p Libout Hiasieo jak yluo iugD0 JYide seaiq a tady Savol. aaw Fi = 
‘@82 26 afnofms i6 Content ane noo Bliniteb dviw bua eolsneupett Gels se 
‘hbSvisavo er? test) betaelidates eiusy Ianolijibb -otutxia 1is-s inones 
ZY Paso0snes 2 .s5.ij stotonl oliavece ylouvg oF sub et Ptide Garaeig 


ss 


—————aaa ll lcm mm 


associated with the inversion transition of NH.» molecules must be 
shorter than 10-9 sec, inasmuch as higher lifetime values would have 
been detected by our set-up. From data in the literature on the 
breadth of the NH3 lines under the conditions of our experiment, we 
deduce that the lifetime of the excited state in question is of the 
order of 1079 - 10-10 sec. 

Hence, we conclude that to utilize the proposed method one must 
either resort to lower ammonia pressures or greatly increase the modu- 
lation frequency. At lower ammonia pressures it will be necessary to 
effect the excitation at exactly the wavelength of the peak of the 
NH3 absorption line (A = 1.25 cm) Since at low pressures the absorp- 
tion is too low at even Slightly lower and higher frequencies. The 
use of a much higher modulation frequency, on the other hand, will 
necessitate recording weak ultrasonic oscillations. Hence, both ex- 
pedients involve considerable experimental difficulties. 
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BOND FORCE CONSTANTS AND THE CONFIGURATION OF MOLECULES I 
‘- A. I. Kitaigorodski 

As we know the values of valence bond angles for coupled atons 
can be predicted from general quantum-chemical considerations. While Mh 
in some cases the observed values for the angles differ very apprec- | 
iably from the theoretical values, in general the predictions of | 
quantum-chemical theory are fulfilled: the character of the spatial i | 
arrangement of atoms (i.e., trigonal, tetrahedral, pyramidal, etc.) | 
is in conformity with the demands of theory. This circumstance sug- i 
gests a "natural" method of treating the distribution of atoms in a | 
molecule; to regard as "normal" the valence angles predicted by | 
quantum-chemical theory and to attribute deviations from the "normal" 
values to the interaction between atoms not linked by valence bonds. | 

Analysis of experimental data on the crystal structure of organic . 
compounds yields sufficiently accurate information on the external 
form of the molecules, enabling us to assign an effective radius to 
each constituent atom. 

It can also be shown that deviation of the configuration of a ii 
molecule from the "normal" is always a consequence of equilibrium of Mt 
the elastic forces of valence angles and the forces of repulsion be- | 
tween atoms not joined by valence bonds. 

The value of the atomic radii and information on the structure 
of complex molecules can be obtained through x-ray analysis, while 
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the elastic (bond force) constants can be determined spectroscopic- 
ally. Assuming that intermolecular forces vary linearly with the 
deformation of the atons, we can characterize each atom by a specific 
coefficient of coercibility. 

Thus the successive application of the methods of spectrum and 
x-ray analysis makes it possible to determine the molecular configura- 
tion. 

Numerous illustrative examples are available. For instance, let 
us determine the configuration of the orthodichlorobenzene. Making 
the simplifying assumption that the Cl-H interaction is very weak as 
compared to the C1l-Cl interaction, we can write the following equa- 
tion for bond energy of the chlorine atoms; 


U ~1( aa)? + k, (aq@)* + k,( 40)”, 


where Ad is the reduction of the C1-Cl distance and APand A® are 
the angles of deviation of the C-Cl valence bond in the plane of the 
nucleus and in the plane perpendicular to the nucleus, respectively. 
Inasmuch as d can readily be expressed in terms of @ and @, we obtain 
the condition for the minimum of U in the form of two equations: 


k k 
aly. 2.ar oA 2A ws Od. axtare: 
2 ; g- Ad op O and 2 ie ad eee; 


from these equations we can easily determine ¢ and © and, consequently, 
Ad when the constants for the molecule are known. 


Institute of Elemento-organic Compounds 
of the Academy of Sciences of the USSR 
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ABSORPTION ANISOTROPY OF GYPSUM CRYSTALS IN THE INFRARED 
~ G. A. Zaitsev and B. §S. Neporent 


We investigated the anisotropy of infrared absorption of gypsum 
crystals in the 2 to 10 » region. The absorption spectra of thin 
sections of the crystals were obtained by means of a spectrometer 
with a magnifying attachment in the form of two specular objectives 
having an aperture of 0.45. The minimal area of the specimens as 
determined by the characteristics of the spectrometer was 0.2 x 1.5 
mm. A selenium-film polarizer was used. We also studied the spectra 
of reflection from polished sections with an aperture not exceeding 
0.1 and an angle of incidence of 4°. 

The general form of the absorption spectrum obtained is in agree- 
ment with the data of other investigators. The strong absorption band 
between about 3600 and 3200 cm~! is associated with the valence vibra-~ 
tions of the water of crystallization molecules and overtones of a 
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Number of other vibrations. This band is broadened to some extent, 
presumably due to the influence of the hydrogen bonds. The absorp- 
tion is clearly anisotropic (see figure) ; however, it was impossible 
to resolve the band into separate components even in the case of a 
section only 2 u thick. The bands in the 2300-2100 cm-l interval 
represent an overtone (2130 cm-l!) due to vibration of the SOz-. group 
and a combination tone (2220 cm~l) of H90-. The bands near 1675-1615 
cm™” are associated with the deformational vibrations of molecules 
of the crystallization water. The absorption at 1100-1200 cm! is 
due to the triply degenerate vibration of the SO,~ ion. The last 
absorption band also cannot be resolved. 

The reflection spectra 
of gypsum crystals in polar- 
ized light are shown in the 
lower part of the figure. The 
distinct bands near 3510 and 
3400 cm-1) in the reflection 
spectra are associated asym- 
metrical and symmetrical vibra- 
tions of the water molecules, 
polarized at right angles to 
each other. The band corres- 
ponding to the deformational 
vibrations of water molecules 
separates into two mutually 
perpendicular components (1675 
and‘T6élS cm**)T**NO Sprrecine 
of the 3510 and 3400 cm-! bands 
was observed. Further inves- 
tigation and analysis of the 
spectrum in this region are 
indicated. The degenerate 
Absorption (1,%) and reflection (R,%) valence vibrations of the SO4 


ion in the vicinity of 1100- 
ape Ghemiol “gy palm icryatals, 1200 cm-l split into three com- 


ponents under the influence of 

the crystal field (1180, 1150 
and 1120 emt), The observed deviation of these components from strict 
mutual perpendicularity is apparently due to the asymmetry of the crys- 
tal field acting on the ion. The orientation of all the investigated 
vibrations, as established by polarization measurements, is in good 
agreement with the generally accepted crystal model proposed by Wooster. 


* * * * * 
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DETERMINATION OF THE OPTICAL ANISOTROPY AND THE FORM OF SOME 
AROMATIC HYDROCARBON MOLECULES FROM LIGHT SCATTERING IN SOLUTIONS 
- M. F. Vuks and I. A. Bogdanov 


The purpose of the present investigation, which was essentially 
a continuation of an earlier studyl & 2, was to determine, by means 
of the developed methods, the optical anisotropy and the polariza- 
bility tensor of a number of aromatic hydrocarbons, containing two 
benzene rings, with a view to establishing the form of these mole- 
cules and the relative orientation of the benzene rings. 

The hydrocarbons chosen for in- 
vestigation were diphenyl, dibenzyl, , 
diphenyl methane, dibenzyl, diphenyl 
ether, diphenylamine and benzophenone. 
These compounds were dissolved in car- h 
bon tetrachloride, cyclohexane, heptane } 
and benzene in concentrations of 1-8% | 
(up to 15% in benzene); the intensity I 
of the parallel component of the scattered 
light was measured in each case. The i 
results of measurement for four of the H 
Six mentioned compounds in CCly solu- i 
tions are shown in the accompanying } 
figure, where the horizontal scale is Hl 
laid off in percent volumetric concen- i 
tration and the vertical scale is gradu- 
ated in relative intensities of aniso- 
tropic scattering with irradiation by 
the D-line of Na, the unit intensity ii 
being that of the anisotropic scatter- ih 
ing by benzene. To convert to the i 
scattering constant R,,, the above in- | 
tensity values must be multiplied by | 


I, relative units 


Intensity of anisotropic light 
scattering of solutions in CCly: 
1) diphenyl ether, 2) benzophe- 
none, 3) diphenyl, 4)diphenyl- 


e -—6 i 
Deo: D.o0°1l07-°2°. The values of the optical 


anisotropy 4y2 of the solute molecules 
were computed by means of the following 
equation 


4 ‘ 2 D\2 ie 
Ran = aS ae z =| (N'y2 4- N" vee), . 
where n is the index of refraction of the solution, N' is the number 
of molecules of the solute and N'' the number of molecules of the sol- 
vent per cubic centimeter of solution and 7¢@, is the effective optical 
anisotropy of the solvent molecules. | 

It is known that in many cases the molecular polarizability tensor 
can be calculated by the simple addition of the tensors pertaining to 
the individual bonds or structural groups. The Pop ROveES data are i 
available for the DS aeane ring and individual bonds? & 4, Pena p 
aj = ag = 123.1°10-25; ag = 63.5-10729; C--H bond: ay = 7.9°107*9 and 
a, = 5.8°10-25; C—¢ bond: a, = 18.8°10725 and ay = 0.2°10775; Co 
bond; ay = 19.9-°107 ° and a, = 7.5°10725, ‘phe values indicated for Hy 
the C—C bond were also assumed for the C—O and C—N bonds. The NH | 
bond may be assumed to be isotropic: a = 7.5°10-25, hi 
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Results of measurements and calculations of the optical anisotropy, 
a EP 


form and principal polarizabilities of molecules 


to) I 
neers Principal 
ba ‘5 6" 4% | polarizabilities 
86 ee Form of BS 
Substance oh a an molecule Re 
ges ay. bentel et tule & te ee ae 
Ord @1o Rp 
Lae GQ 
Diphenyl | 208 | 160 ie O° | 257,3} 242,9) 123,7 
| 
| 
O-Oy* 
Diphenylmethane | 219,5) 61 AY 119° | 240,5] 167,9] 249,4 
Dibenzyl 238 | 210 0° | 295,4| 275,2] 144,8 


Diphenyl ether | 210,5} 80 126° | 241,0| 154,6] 239,4 


Diphenylamine 226 195 \v 180° | 286,8] 136,7| 253,8 
4 A 
H 
the tae 
Benzophenone 226 130 \y 455° | 276,7| 151,2] 250,9 
OE ak ae 
x 


The results of our meaSurements and computations are summarized 
in the accompanying table. 


"A. A. Zhdanov" Leningrad State University 
and 
L. M. Kaganovich Military-Transport Academy 
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- THE VIBRATIONAL SPECTRA OF DIPHENYL AND DECA-DEUTERO-DIPHENYL 
- G. S. Landsberg, A. I. Shatenshtein, 
G. V. Peregudov, E. A. Izrailevich 
and L. A. Novikova 


The importance of the investigation of the molecular spectra of 
deuterium-substituted compounds for the theoretical interpretation 
and analysis of spectra is generally acknowledged. Until recently, 
however, the preparation of deuteriun-substituted substance was be- 
set with difficulties. Now the results of investigations of the 
isotope exchange reaction in liquid deutero-ammonia with potassium 
amide as the catalyst! & 2 have opened new possibilities for obtain- 
ing deuterium-substituted aromatic hydrocarbons. 

Three samples of deca-deutero-diphenyl were prepared by two- 
and threefold treatment of chemically pure diphenyl with fresh batches 
of a solution of potassium amide in liquid deutero-ammonia, obtained 
in a special reactor through the reaction between magnesium nitride 
and heavy water (99.6% D). The product was purified by solution in 
benzene, evaporation and twofold vacuum distillation. 

A check on the degree of deuterogenation by measuring the ratio 
of the intensities of the infrared absorption lines of the CH- and 
CD-vibrations indicated that the deca-deutero-diphenyl content of the 
samples was not less than 95%. 

For obtaining the Raman spectra we developed a special cell, 
having a vOlume of 0.95-1.0 cms, and a three-lens condenser assuring 
uniform illumination of the 1 mm high slit with the collimator filled 
with light”. The exposures were made for a period of 12-18 hours, 

using a spectrograph having an aperture 


Table 1 ratio of 4.7 and a plate factor of 
18 A/mm*. 
Vibrations of diphenyl and The infrared absorption spectra in 
deca-deutero-diphenyl mole- the 2-15 w region were obtained by means 
cules. of the two-beam automatic recording 
spectrometer of the_Physical Institute 
EB a ql Selection of the USSR Academy”, equipped with an 
: nl tee) dg rules IKS-1l1 monochromator. The thickness of 
Ae e aos ibe - a the absorption cells was 0.05 to O.1 mm. 
2 ce | Sane In obtaining the infrared spectra as in 


photographing the Raman spectra the 
specimens were kept in the liquid state 


Aj A P = i (70°C) . 

Be ee aera! |. Both the Cj9Hjg and the Cy5Djq 

Bry 6 Px a molecules belong in the Vy, = Do, Symmetry 
fu ne BP a e class. The number and possible types of 
Be : fd rT vibration of diphenyl and deca-deutero- 
ike ‘0 P, SER diphenyl molecules, are listed in Table l. 


The plus sign (+) indicates active 
(allowed) frequencies in the given spec- 
trum; the minus sign (-) indicates for- 
bidden frequencies. 

It will be seen that of the 60 possible modes of vibration, 30 
are active in the Raman spectrum (of these 1l are polarized and 19 are 
depolarized); 26 are active in the absorption spectrum and 4 are for- 
bidden in both spectra. 
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Table 2 
INFRARED AND RAMAN SPECTRA OF 


CypHyg AND Cy9Di9 


om 
VPS la weint | Type nies 
Noe vy, ow? < cer, NOe} vy, cm Inter- D ia 
band | preta band pretation g sea 
tp ‘d 
oF 2 3 4 t 2 3 Pi vers 
=o) 
LHS 
G4 ed 
4 | 168(1/2) Raman] Fundmental| 4 | 122(4 1/2) | Raman] Fundamental i _ “4 
2 | 267(2, a) " ) 2 | 248(2, d) " ) O° es 
3 [Qn | infra » 3 “Ia50)) ©) anird i 2 a'' 2 
th 1/2) | Raman » 4 | 300(1 1/2) Raman M Rea bes 
> (370) infrd » 5 | (300) infrd > EO « t& 
407(3, d) Raman > 6 | 355(2,da) | Raman > oon ae’ 
7 540(0) " » 7 | (450) infrd » oiers| 
8 (590) e infrd » 8 940(0)? Raman » re e qt 
1 612(2 1/2) Raman » 9 (560) infrd » o of MO 3 
: (670) infrd > 10 | 589(2 1/2) Raman » Oo 4 
4 | 7000-vs it » 44 | 652(4) ' > cu 2 
te Hoes " » 12 a Ini Ee » A . Ie “ 
14 | 780 (1, d) it » 14 | 710(-vw) infrd 250+450 on " Po 
415 780(s) f infrd » 15 | 713(0)? Raman | Fundamental ao gern 
- 838(1 1 Raman » 16 | 750( md) infrd > = A2 
a4 840( md infrd » 17 | 780(1/2) Raman » Pdi 
: 897(0): Raman » is 790( md) infrd » r=} Gos 
x ae) infra » 9 820(-vs ) » ogd s 
20 | 965( . yee » 20 | 835(1/2) | Raman > a Be 
970( Ww) infrd » 24 | 840(1/2) > Am od 
22 | 990(md ) " 267-+700 | 22 | 840(s) infrd > = Q 
p ; woo £ 
23 | 1010( s) " Fundmental| 23 | 870(4) Raman » oA a 
24 | 1003(8) Raman i 24 | 880(w) infrd| 2404680 .. ee § 
25 | 1032(4) aten » 25 | 920(ma) tt | Fundamental PE Gs aed 
26 | 1040(md) | infrd » 26 | 948(w). " 6524300 _ Had & 
27 | 1070(c.) iv » 27 | 960(10) Raman| Fundamental BeaP ts ae 
2 | Ha” pane] eso'ao | 2 (sats) | A |amicemn «BS 
VW 3 = aha 
30 | 1120 viwh|finfrd{) 3554750 | 30 | 1010(w) i" 352-4680 _ ao 
34 | 1156(2. d) Raman | Fundmntl | 31 | 1070(0)? Raman damental re 
32 | 1160(md) | infrd » 32 oe infrd} 6524450 ao 4 
33 | 11851 1/2)|] Raman » 33 | 14120(0-vw " 3524-750. 08 ou 
« 1180(md ) infrd , ae - 1188(8) Raman| Fundamental po ae a 
S ie. 2 A) Raman Sener - 1200( w) infrd > A. cae 
37 | dogotto-g)| aaft4 | Fundmenti| 37 | 1320039" " ; of ates 
38 oo ;d)| Raman 10034270 | 38 Partie ; Wiedeess 
ieee (202 8O | Rindmanti | 30 {e609 Thea ; a ae 
40 {ai0len.) ——= ‘oma ae 1380 bers abe ‘ Sa du 
. bs « Ss 
44 | 1330(cp.) jineral » 44 | 1410( mda) " 960-+-450 ots ee 
42 | 1380(md)_| infrd » 42 | 1412(6) Raman Fundamental awe ee 
43 | 1430( vw) " » 43 | 1440(mda) infr » Sialic » 
44 £952(0) aman » - 1530( ma) |. » 5B Ga : 
ae | isoqay fanfrd) 46 | 15008 a 1 | ' oe: 
Ee ) Raman ; a6 : ace Raman : Sele Z 
is 1580 oy infrd ; is 15800 897 infrd » pi bs 
49 | 1592(6) » 49 | 1640( mda) infrd » GH eoa@ 
50 | 1611(8) Raman ie hy 50 | 1640(-vw) : 960-+680 a ea i 
54 1655( w) infrd 1003+670 | 51 | 1690(-vw) " 960-+-750 od fo 
52 | 1748(md) " 1003-+740 | 52. | 1870(-vw) i" 1190-4680 Or Audie 
> 1795 mq . 1003 +780 53 2220(vs " Fandamehtal eee 
ss {tooxma) | «| taso670| $5 | zomevs) |" 292% 
ee ee sal oetince ia tome 
a | soa va} | ee eal) vitor flag $ bse 
( Fundment1| 58 | 2297(3) “ undamental p § £4 
59 3060(3. 41) R aman = bane 59 | 2400(yw) infrd | 15704820 ee eed Py 
60 | 39000 vw) | infrd | 30604840 | 60 | 2840(vw . 14124-1440 
@t | 4590( w): " 3060-41560 | 61 | 3020(vw is 2270-+-560 
62 3800( Vw ‘ 1570-41580 
33 | 4380( Vw 2270-+- 2260 
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We observed 26 frequencies in the Raman Spectrum of diphenyl } 
and 23 frequencies in that of deca-deutero-diphenyl. | 

In the absorption spectrum in the 2 to 15 1 interval we detected 
37 frequencies for Cyi9Hig and 40 frequencies for CyaDi9° 


For preliminary separation of the fundamental frequencies it was 
assumed that all Raman spectrum lines are associated with fundamentals 
and only the infrared bands comprise component frequencies. 

In view of the fact that the Cy9H19 and Cy9D g molecules have 
centers of symmetry, only component Pea uehetss of the type (pam n | 
+i .r,) and even tones of the absorption spectrum can be active in 
the infrared absorption spectrum. This circumstance facilitated . 
identifying the fundamental infrared frequencies (see Table 2). It 
must be admitted that this method of identifying the fundamentals is 
not entirely free of error; hence our classification must be regarded | 
as Only tentative. i 

We are extending our investigation of the spectra of Cj oH and ik 
Ci2Di9 into the 15-25 » regicn and are studying the degree b? aQpolari- 
Zation of. the Raman spectrum lines. The additional information will 
enable us to verify and refine the above results. 


"P. N. Lebedev" Physical Institute of 
the Academy of Sciences of the USSR 


and 
"L. Ia. Karpov" Physico-Chemical Institute 
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THE VIBRATIONAL SPECTRA AND STRUCTURE OF DIBORANE (BoHe) 
- L. M. Sverdlov and [..N. Zaitseva 


A number of authors have proposed an ethene-like model for di- 

borane /boroethane/ BoHy: two boron atoms and four hydrogen atoms 
in one plane and the remaining two hydrogen atoms at equal distances 
from this plane on a line perpendicular to it and passing through the 
center of the B—B bond. | 

| We calculated the normal vibration frequencies and the potential 
(bond) energy constants for diborane, using El'iashevich's method. In 
the case of diborane there are 18 normal vibrations. In computing the 
kinematic coefficients we used the following geometric parameters: 
r(B—H) = 1.18 A, r(B—H') = 1.39 A, HBH = 120° and 4 HBH", = 100°, 
We made use of the frequencies of the isotopic molecules B5 Ho, Bo Hg 
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Interpretation of the vibrational spectra of diborane and 
its isotope-substituted analogues 


4 Rp BL, BIOL, Bop, Bop H| BHD, 
30 % 
of E | | . 
ioe a Obs.| Comp! Obs. | Comp.} Obs. | Comp.| Obs.| Comp. 
q A, 2024 2518 2024 1860 1859 2524 1842 
q’ A, 2104 2078 2083 1511 1525 1543 2093 
a A, 1180 1181 1188 929 937 1188 951 
Q as 794 | 794 820 | 820 | 726 We | 70! 715 
o” ins 829 829 829 829 992 593 829 593 
q’ Boy 1747 1742 — 4746 1273 1284 4300 4730 
a! By, 1035 1035 1044 1054 870 871 1053 876 
q Boy 2612 2609 2625 2626 1999 2003 2626 2003 
B Boy 950 953 = 954 705 694 953 695 
a’ By, 368 aie 368 373 262 273 276 369 
q B {g 2091 2582 —_ 2608 1980 2000 2608 2000 
on’ By, 920 918 930 943 740 799 943 755 
q’ oF, 1915 1929 1920 1938 1465 4455 4456 1938 
a,’ Biy 973 965 977 972 728 736 964 TAT 
a’ Bs, 1012 1015 1015 730 726 839 924 
q By, | 2525 | 2526 | 2528 | 2531 | 1845 | 1844 | 2531 | 1853 
q’ Bz, 1602 1607 1606 1613 4205 1195 4200 41607 
a Bsy, 1477 1174 1181 1178 881 883 1176 888 


and Bae DS for determining the 33 independent force coefficients by 

the method of the variation of constants. The roots of the secular 
equations were computed by the iteration method of L. Maiants /Mainz?/. 
The results of our calculations are given in the accompanying table; 

it will be seen that the resultant interpretation of the vibrational 
Spectra is correct. It may, therefore, be concluded that the ethene 
model on which the analysis was based is validated. In addition to 

the force coefficients we also evaluated the system of the "effect" 
coefficients of diborane, which characterize the force field of the 
molecule more fully. The force field of the diborane molecule has 
certain distinctive features: a comparison of the "effect" coeffi- 
cients of the BH bonds shows that the internal B---H linkage is only 
half as strong as the external B-H bond. In contrast to the rela- 
tively great strength of the H'BB and BH'B angles, that of the HBH' 
angles is low; there also appears to be very strong interaction between 
the angles of the latter type. 


"Tl. G. Chernyshevski" Saratov State University 
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THE FINE STRUCTURE OF FLUORESCENCE SPECTRA OF AROMATIC HYDROCARBONS 
IN FROZEN SOLUTIONS 
- E. V. Shpol'ski and L. A. Klimova 


It was shown in an earlier communication! that the aromatic 
hydrocarbon coronene, consisting of seven condensed rings, exhibits 
in hexane and heptane solutions frozen at 709°C a striking fine 
structure whose characteristics (AV and intensity distribution) 
depend on the solvent. In the present investigation the earlier 
results were confirmed and the observations extended to include 
3,4-benzopyrene and pyrene in addition to coronene as the solutes 
and normal saturated hydrocarbons ranging from hexane through nonane 
as the solvents. . 

Coronene. Three groups of lines are observed in all the sol- 
vents used: 

a) Intense, sharp doublets with a rather stable value of Ay: 
in going from the light to the heavier solvents, Ov gonsistently de- 
creases from 86 cm in the case of hexane to 44 cm” in the case of 
nonone; the short-wave components of the doublets remain stationary 
while the long-wave components shift towards them. 

b) A large number of weak, close lines, with a separation on 
the order of 20 cm™-. 

c) A region of persistent emission at 19,000 em! and lower 
frequencies. In this region the spectrum in oil solutions shows 
pronounced triplets; in normal saturated hydrocarbons - hexane and 
heptane - each of che narrow bands of the triplet is clearly sepa- 
rated into three components spaced 60 cm™* apart; in octane and nonane 
Only two components - the same AY apart - are observed. 

3,4-Benzopyrene. The fluorescence spectrum of solutions in 
mineral oil and in benzene consists of two systems of double bands 
of alternating intensity and some 100-150 cm7! broad each?. In nor- 
mal saturated paraffins these bands split into components some 20-40 
em-! distant from each other. 

An analogous picture is observed in the case of pyrene. 

Inasmuch as in the case of coronene the position of the short- 
wave components of the bright doublets does not change for different 
solvents, while the long-wave component is displaced towards the 
short-wave one (i.e-., the separation decreases) as the weight of the 
solvent molecule increases, it may be assumed that these long-wave 
components are produced as the result of the excitation of slow vi- 
brations of the solvent lattice (Grossov's frequencies) at the expense 
of part of the energy of the emitted photon. If this is the case, 
the intensity distribution between the components of the multiplet 
should serve as measure of the probability of transfer of part of 
the photon energy to the lattice of the solvent. 


VY. I. Lenin Moscow Pedagogical Institute 
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INFLUENCE OF THE SURROUNDING MEDIUM AND THE VIBRATIONAL 
ENERGY LEVEL OF THE MOLECULES ON THE CONTINUOUS SPECTRA 
OF ORGANIC COMPOUNDS 
- B.S. Neporent, N..A.. Borisevich, 
V. P. Klotchkov and O. A. Motovilov 


In recent investigations!, devoted to elucidation of the mech- 
anism of the formation of continuous spectra of complex aromatic 
compounds and the effect of various factors on such spectra, the 
authors established that the effect of the solvent does not extend 
to altering molecular interactions but is limited to displacement 


of the spectra of the investigated molecules. 


The purpose of the 


present investigation was to trace the changes in the spectra in- 
cident to the addition of an extraneous gas or vapor to the vapor 
of the investigated substance and the gradual increase in the con- 
centration of the former through the critical point to the liquid 


state. 


The investigated substances were 3-aminophthalimide and 3,6- 


tertamethyl-diaminophthalimide. 


modulation spectra; the latter, by attenutation spectra. 


The former is characterized by 


Ethyl 


ether and hexane were selected as the extraneous substances for the 


experiments. 


We investigated the effect of the reserve of vibrational energy 
On the shape of the spectra of the investigated molecules and deter- 
mined the limiting conditions of fluorescence spectrum excitation 
(i.e., conditions under which no excitation occurs). 
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Variation of the position of the peak 
of the continuous fluorescence spectrum 
of 3-aminophthalimide in mixtures with 
ethyl ether with the concentration of 
the ether (see accompanying table). 


We found that the fluor- 
escence spectra of the invest- 
igated compounds shift grad- 
ually to the side of lower 
frequencies as the concen- 
tration of the extraneous 
substance increases and the 
substance undergoes trans- 
formation from the gaseous 
to the liquid phase. (See 
accompanying figure and table 
for the behavior of the 3- 
aminophthalimide-ethyl ether 
system.) 

The displacement of the 
levels depends solely on the 
concentration of the extran- 
eous substance and is inde- 
pendent of its state of aggre- 
gation. Change in the spec- 
trum begin to be apparent at 
ethyl ether concentrations of 
only a few hundred millimeters 
Hg. The spectrum shifts with- 
out noticeable alteration of 
the relative band widths, ex- 
cept for minor broadening in 
two transition regions: 1) at 


very low concentrations of the extraneous gas and 2) near the critical 


point of the ether. 
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Characteristics of the continuous fluorescence spectra of 3-aminoph- 
thanimide in mixtures with ethyl ether 


Concentrat. Width of | Location 
of ether 


1020 mol/cm3 


Aggregate 


state of ether 


No.of curve 
in figure 


1(E) 
2 220 0,08 4200 24600 
3 » 220 0:45 4200 24450 
4 » 20 0,20 4300 24300 
5 » 220 0,48 4200 24500 
6 » 220 1,20 4250 24150 
a » 220 4,75 4250 23600 
OY ee ie 220 10,0 4200 23050 
state 194 f 

9(B) Liquid 190 28,5 4300 22850 
10 > 100 49,6 400 22600 
11(A) » 20 58,0 4000 22300 


In the first case the broadening is due to the fact that at low 
concentrations the investigated molecules are in various states of 
interaction with the ether molecules. The effect is neutralized at 
ether concentrations of only 3.5°1019 molecules per cm3 (1000 mm Hg). 
Thus collisions between the molecules of the investigated substance 
and the molecules of the extraneous substance produce an appreciable 
effect and, apparently, occur over some more or less prolonged inter- 
val. 

In the second case the band broadening is presumably due to 
fluctuations of the ether density in the vicinity of the critical 
state. 

The results obtained confirm our observation that the addition 
of extraneous substances primarily affects the location of the elec- 
tron energy levels of the investigated molecules. Interaction between 
molecules, causing displacement of the levels, is due mainly to dis- 
persional forces. We have elucidated the nature of these interactions. 
The noted absence of a sudden change in the spectra incident to pass- 
ing through the critical point is in conformity with the results re- 
ported by other investigators. Comparison of our results with those 
of other authors indicates that the influence of extraneous molecules 
on the molecules of aromatic compounds is enhanced by the introduc- 
tion of substituent groups into such compounds. 
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ANOMALOUS LIGHT DISPERSION IN SOLUTIONS OF COMPLEX ORGANIC COMPOUNDS * 
~ I.S.Gorban' & A.A.Shishlovski 


To investigate dispersion in the region of absorption the present authors 
used the method employed by Rozhdestvenski in studying dispersion in metal vapors, 
consisting of crossing the dispersion of a Rayleigh type interferometer with that 
of a spectroscope. The objects of the investigation were solutions of complex 
organic compounds of the dyestuff group comprising fluorescein, erythrosin, 
fuchsine, cyanine, rhodamine-B, etc., all having "simple" absorption bands in 
the visible region of the spectrum. 


It developed that in con— 
trast to the case of vapors, 
characterized by line absorp— 
tion spectra, the dispersion 
curves of the investigated so- 
lutions of complex organic com 
pounds exhibit asymmetry of the 
"simple" absorption bands (see i 


(7-19) 10% 
Sy 
SS} 


| figure), in that the maxima of 
“S400 —— the dispersion lines are sharper | 
ay and more pronounced than the i 
4 IM Fh ‘ corresponding minima. This is 4 
T intimately connected with the ii 
200 asymmetry of the absorption ) 
curves in which the curve falls ti 
400 off more slowly on the short- i 
wave side of the peak than on fi 
0 the side of long waves. In i 
cases where there is a more or ih 
{ less pronounced subsidiary i} 
oe eae ae | a ee Soh maximum on the shortwave side i) 
of the main peak, the minimum | 
System of dispersion curves for a series of of the dispersion curve becomes i 
heat. el gre of erythrosin (todoorin)'s even less pronounced and in ! 
1) 5°10°° gm/em3, 2) 1°107°gm/cm3, 3) 2.5+1075 some instances is entirely ab— I 
gm/em3, 4) 5°1075 gm/em3, 5) 6.67°10~-5 gm/em3 sent. i 
and 6) 8.11°1075 gm/cm3 Comparison of the experi- 1 


mental results with the theory | 


of Davydov! showed that shape || 
of the dispersion curves of the investigated solutions on the long-wave side of 1 


the absorption peak — from the peak out to the maximum of the dispersion curve - 
is described with good accuracy by a hyperbolic function. This, according to 
Davydov, is indicative of weak interaction between the molecules of the solute 
with the solvent. Attempts to fit the experimental curve to the Gaussian type 
error curve derived by Davydov for the case of strong interaction of the solute 
molecules with the solvent in a relatively wide wavelength interval, proved vain, 
Investigation of the concentration-dependence of the indices of refraction 
showed that at low concentrations (just as in vapors) the variation is approxi- 5 
mately linear, which is in accord with Davydov's theory. i 
The authors succeeded in developing a new procedure for quantitative dis-— 
persion analysis of multiple-component liquid solutions on the basis of their ti 
investigation of the concentration-dependence of the dispersion curves (which 
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*For the full report see Trudy fiz. fakul'teta (Proceedings of the Physics 
Department) of Kiev State University, 10 (1955). 
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within the bounds of certain spectral regions have a different shape peculiar | 
to each substance) and direct experimental proof that the concentration-— | 
dependence is little affected by a number of solvents. | 

Tests of the developed procedure in the visible range of the spectrum, in- 
volving analysis of three-components solutions of certain hydrocarbons (arti- I} 
ficially prepared benzine fractions), yielded promising results. } 


Physics Department of Kiev State University 
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THE METHOD OF CONCENTRATIONAL OPTICAL FUNCTIONS AS A PHYSICO-CHEMICAL 
ANALYTIC METHOD IN THE PRESENCE OF REVERSIBLE CHEMICAL REACTIONS* 
- A.AsShishlovski 


The systematic investigation of solutions of luminescent electrolyte salts 
of heavy metals carried out by the author and his colleagues led to the develop— 
ment of a simple optical procedure for the determination of the composition of 
ion association products. 

In principle the method is based on analysis of the functional dependence 
of certain optical properties of the solution on the concentration of its 
formative components. 

For purposes of analysis we must select optical properties such as lumines- 
cence, absorption, refraction and the like that are specific to the forming 
chemical compounds. In addition these optical properties must vary linearly 
with the concentration, i.e., must be additive quantities.: 

Analysis is carried out on the assumption that the relation between the 
concentration of the formative components of the solution, A and B, and the 
concentration of the product of their reaction AB in the case of reversible 
reactions of the type nA = mB <= AnB, is given by an expression of the form 
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(familiar for binary solutions). 

Obviously given the appropriate experimental data one can readily compute 
the proportions n and m of the components A and B from the above expression, 

To obtain the requisite data we provide conditions under which the concentration 
of one of the components remains constant while that of the other varies and 
vice versa. From the nature of the concentrational function obtained as a re- 
sult one can evaluate the number of elements [parts?/ of the given component, 
entering into the composition of the compounds formed, 

The method of concentrational optical functions is applicable in cases where 
the optical properties utilized vary only quantitatively but remain qualitatively 
unaltered, 

Qur full report also gives examples of the application of the method to 
other cases, for instance, in the presence of photochemical reactions and where 
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*For the full report see Trudy fiz. fakul'teta (Proceedings of the Physical 
Department) of Kiev State University, 8 (1954). 


~ 
EY 


- 360% . 


the equilibrium of the system is disturbed by changes in the temperature of the 
solution. 


Physics Department of Kiev State University 
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METHODS OF INVESTIGATING THE BREADTH OF RAMAN SPECTRUM LINES 
- P.A.Bazhulin, S.G.Rautian, A.I.Sokolovskaia & M.M.Sushchinski 


In the present report we summarize the results of our investigation of methods 
of determining the breadth and shape of Raman spectrum lines and give some specific 
data obtained for certain lines by means of a spectograph. 

It is common Imowledge that in studying spectrum lines one must take into 
account a number of factors that may influence the breadth and shape of the lines, 
Such distorting factors include diffraction at the diaphragm aperture, defects in 
the optical system, the finite width of the slit and the resolving power of the 
photographic emulsion. In the case of Raman scattering an added factor is the 
breadth of the exciting line. 

The distorting effect of each of the above mentioned factors depends not 
only on the width but also on the form of the corresponding instrumental functions 
as well as on the shape of the observed line. In investigating the breadth and 
shape of Raman lines it is difficult to allow for the influence of each of these 
factors individually. However, in practice it is not necessary to take account 
of these factors separately: in order to eliminate the influence of the dis- 
torting factors and determine the true shape of a Raman spectrum line from its 
observed shape it is sufficient to have data characterizing the observed shape 
of the exciting line. Hence in our investigation in addition to measuring the 
breadth and shape of the Raman spectrum lines we also studied the observed shape 
of the exciting lines. The resultant data was used to determine the true breadths 
and shapes of the Raman lines from their observed shapes. 

The measurements were made with a V-III three-prism spectrograph having a 
linear /reciprocal/ dispersion of about 56 A/mm in the vicinity of the 4358 A 
line. The results of measurement for a number of Raman spectrum lines are sum 
marized in the accompanying table. Analysis of the line shapes showed that, with- 
in the limits of the experimental error, all the lines are described by the dis-— 
persion curve. 

The data on the breadth of Raman spectrum lines obtained for a wide range of 
values was used to verify the validity of the effective line breadth method 
proposed in an earlier communication,.~ 

In order to establish the correlation between the values obtained by the 
method of effective line breadths (using values of I, from Ref. 3) and the re- 
sults of direct measurements of §&, we compared the corresponding values for a 
number of lines. We found that the relationship between § eff and 6 (when 
Sere > 2) is described by the equation 


§ = 3.4(borer aa Tsay: 
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Breadth of Raman Spectrum Lines 
Substance 


Toluene 


Cyclohexane 


Cyclopentane | 


Cyclopentene 


Methyl cyclohexane 


The values of the line breadth computed using this equation are shown in 
the last column of the table (Somp)' As may be seen the divergence between 
the directly measured _ine breadths and the values obtained indirectly by calcu- 
lation through & .¢¢ does not exceed the limits of the measurement error. 


"P.N.Lebedev" Physics Institute 
of the Academy of Sciences 
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ALLOWING FOR THE DISTORTING EFFECT OF THE OPTICAL SYSTEM OF THE MONOCHROMATOR 
ON THE OBSERVED SHAPE OF THE SPECTRUM LINE 


~ I.V.Peisakhson 


The finite width of the monochromator slit, diffraction at the edges of the 
light beam and aberration in the optical system all contribute to distortion of 
the results of spectrophotometric measurements. Hence the experimentally ob- 
served line contours do not represent the true spectral distribution of the 
energy entering the instrument, 

Let F(x) be the function describing the observed line (where x is the 
measured distance, in wave numbers, from some fixed reference point on the line 
contour), ‘he problem of finding the function f(x) describing the true line 


contour is reduced to the successive solution of two integral equations, When 
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the widths of the entry and exit slits of the monochromator are equal, the 
solution may be obtained in the form of an infinite series: 


ae (Av)? Avyé 
/ (2) = F(z) — FAD (a) FE paw (gy Ot (1) 
where Av is the effective spectral width of the slits. 

When the slit width is greater than normal and exceeds the size of the 


aberrational diffusion spot in a point image, the value of Av can be found from 
the relationship: | 


(AvP = s? +4 sp, (2) 


where s is the width of the monochromator slits and Sq is the normal width of 
the slits (both expressed in wave numbers). 

The series (1) converges in the same interval as the power series of the 
function F(x). Calculations show that when the effective spectral width of the 
slits is of the same order of magnitude as the true half-breadth (breadth at 
half-height) of the spectrum line it is sufficient to take only the first three 
terms to obtain the value of f(x) within the limits of accuracy of conventional 
photometric measurements. 

Thus knowing the analytic expression F(x) for_the observed contour of a 
spectrum line and computing its even derivatives FII(x), FIV(x), etc. (or dif- 
ferentiating the F(x) curve graphically), we can readily find the true contour 
f(x) of the spectrum line with an accuracy sufficient for practical purposes. 
The above method is equally applicable to both emission and absorption lines and 
bands. It is both sim le and practical since the function F(x), whether given 
in analytic or graphic form, is easily differentiated. 

The present investigation was undertaken at the suggestion of the Division 
of Scientific and Applied Spectroscopy, headed by V.M.Chulanovski, of the Physics 
Department of Leningrad State University. <A more detailed description of the 


method and its use in calculating the true contour of absorption bands will be 
published elsewhere. 


"AeAsZhdanov" Leningrad State University 


THE RAMAN EFFECT AND ITS FREQUENCY DEPENDENCE* 
~ P.P.Shorigin & L.Z.Ositianskaia 


In most cases the intensity I of Raman spectrum lines increases rapidly 
with increasing frequency of the incident (exciting) light. According to 
Placzek, I is approximately proportional to v* and is also roughly proportional 
to the square of the derivative of the polarization factor & of the molecules 
with respect to the normal nuclear coordinate Qn, (d«/a0n or@')., Placzek's 
theory was developed for the conditions where the frequencies y are remote from 
the electron transition frequencies y, of the substance. Under these conditions 
@' is virtually independent of Y and hence I is actually proportional to y4, 
When the difference (Vg, -») is not great, again according to Placzek, I should 
be proportional to Vv (Ve -y)"2, According to quasiclassical theory, in a region 
where the influence of a near electron level is dominant, the intensity ofa 
valence vibration line 
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*For the full report see Doklady AN SSSR, 98, 51 (1954). 
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T = const: vé(v2 ++ v?)? (v2 — y2)—4 


’ 


or, with some approximation, 
I = const. v4 (ve — y)74, 


In the present investigation we determined the variation of I as a function 
of » for a number of compounds with conjugate and non—conjugate multiple bonds: 
C=C, C=:0, C==N and NOo. The integral intensity of the valence vibration 
lines for these bonds was measured by the method of photographic photometry with 
the use of an internal standard (solutions in cyclohexane were used). The ratio 
of the intensity of the investigated line to the intensity of the standard line - 
the 1440 em~! Raman line of cyclohexane ~- was measured for each of the exciting 
frequencies, (18,307, 22,938, 24,705, and 27,388 cm-!). The intensity of the 
standard line approximately satisfies the relationship I = conste¥*, 

Our measurements showed that the intensity of the Raman lines increases 14 
to 2 times faster than it should eccording to the const-y* relationship, presum— 
ably due to an increase inq'. The intensity of lines associated with conjugate 
multiple bonds rises more rapidly than that of lines associated with non 
conjugate bonds. The relationship I = const-v4 should hold rigorously only in 
the case where the absorption bands are extremely remote (which is never the case 
in practice). In fact it may be said that the presence of Raman scattering is 
connected with the fact that the transition frequencies Y, are not too far re- 
moved from Y and, hence, with the deviation from I = const-y*4, 

An approximate eve’uation of the probable electron transition frequency Vo» 
determining the intensity of the observed Raman line, may be made on the basis 
of the experimental data for I = f(v). Using the equations of quasiclassical 
theory (see above) we obtain plausible values for Ves i.e. frequencies in the 
region where there actually are strong absorption bands, On the other hand, the 
commonly accepted expression, based on Placzek's theory, yields lower values of 
Ye,(i.e., frequencies in the region below the strong absorption bands). Other 
available data also indicate that the latter expression is unsatisfactory and 
does not properly take into account the factors producing changes in the polar- 
izability of molecules incident to nuclear vibration and, hence, giving rise to 
Raman spectra. 

Comparison of the rates of increase of I as well as the intensity of the 
absorption bands for monoolefines and diolefines shows that the great proximity 
and high intensity of the first absorption band of diolefines are about equally 
responsible for the high intensity of the line associated with the C==C conjugate 
double bond in the Raman spectra of diolefines, 


"L.Ila.Karpov" Physico-Chemical Institute 


RAMAN SPECTRA IN THE REGION OF ABSORPTION BANDS 
~ L.M.Kutsyna & P.P.Shorygin 


Raman spectra in the region of an absorption band can be observed in the 
absence of fluorescence in the given part of the spectrum; in practice this is 
the case when the mean life of the molecules in the excited state is very short 
(less than 107 sec). A short mean lifetime results in a great breadth of the 
vibrational—structure components of the absorption and, given a sufficient 
breadth, these components merge and the vibrational structure disappears. 
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In the light of quasiclassical and quantum theory treatment of Raman 
scattering it may be assumed that as the frequency of the incident light ap~ 
proaches that of the absorption band the greatest increase in intensity will be 
exhibited by the Raman lines associated with the normal coordinates whose egui- 
librium values change appreciably at the given electron excitation. At the same 
time such normal vibrations may be present in the vibrational structure of the 
absorption band. It may also be assumed that the broader the system of the 
vibrational~structure components, corresponding to the given normal vibration, 
the more effective should be the electron excitation level for the corresponding 
Raman spectrum line. 

In order to determine experimentally which attributes of absorption spectra 
are important as regards the possibility of observing Raman spectra in the ab- 
sorption band, we investigated the Raman spectra of a number of suitable colored 
solutions of different organic compounds. The 4358 A mercury line was used for 
exciting the Raman effect; in the case of most of the compounds investigated this 
line lies on the long wave side of the peak in the absorption band of the compound, 

We failed to obtain Raman spectra of the solutions of diphenylene ketone, 
anthraquinone, anthrone, azobenzene and 3-nitrodimethylaniline; the failure was 
due not only to fluorescence but also to the fact that the intensity of the Raman 
line was insufficient to make up for the great light loss due to absorption, 

In contrast, Raman spectra of nitroso and nitro-compounds were observed 
with no difficulty. 4-Nitrosodiethylaniline has a very strong absorption band 
with a maximum near 4200 A and a weaker band in the region of 7600 A (with 
methanol as the solvent); with excitation by the 4358 A Hg line, six sharp lines 
of nitrosodiethylaniline are clearly visible in the Raman spectrum of the solu- 
tion. In the spectrum of a solution of nitrosobenzene, whose strong absorption 
band lies much higher, approximately the same number of lines appear, among them 
are the 1004 and 1594 em-l lines of the benzene ring and a line presumably at—. 
tributable to the nitroso group (1448 or 1510 em=1), 

Investigation of the absorption spectrum of 4-nitrosodiethylaniline in the 
3000-4500 A region showed that no fine structure is discernible in the first in- 
tense absorption band with the material in solution, in the vapor state or in 
the form of crystals at low temperature (temperature of liquid nitrogen). In all 
probability the lifetime of the excited state of the molecules is extremely short, 
possibly because of internal conversion of the excitation energy. We conclude 
that Raman spectra can be more readily obtained in the region of strong and broad 
absorption bands than in the region of weaker (except, of course, very weak) and 
Narrower bands. 


"N.D.Zelinski" Institute of Organic Chemistry 


RESONANCE RAMAN SCATTERING 
- L.N.Ovander 


Our theoretical investigation of the process of scattering was carried out 
using the model of an admixture in a crystal. The energy levels and the eigen- 
functions were determined in the adiabatic approximation, The degree of non- 
adiabaticity determines the possibility of radiationless transitions. For the 
sake of simplicity we assumed that the admixed molecule has only three levels. 

We solved the problem by the methods of quantum electrodynamics which has 
the advantage that the scattering spectrum is obtainable from the resultant 
equations with any given form of the incident spectrum, 
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The final results are considered separately for the following two cases: 

1) The case of irradiation by a broad beam (continuous spectrum) whose 
breadth exceeds that of the absorption spectrum; in this case the shape of the 
Raman line will coincide with the shape of the absorption spectrum, 

2) The case when the breadth of the incident line is less than the breadth 
of the absorption spectrum but exceeds the so-called natural breadth of the 
Raman line in solution; in this case the shape of the scattering spectrum will 
coincide with the shape of the incident line. The natural breadth of the Raman 
line does not become manifest in this case. The intensity of the scattered line 
depends to an appreciable degree on the frequency of the excitation spectrum; 
it is proportional to the ordinate of the absorption spectrum, taken at the 
frequency of the incident line. 

Inasmuch as the excitation is effected by light with a frequency lying in 
the region of the absorption band, it is essential to distinguish between lumi- 
nescence and resonance scattering. In our calculations we assumed that emission 
always occurs from the same levels to which the transition under the influence 
of the light quanta took place. A state of statistical equilibrium is not at— 
tained because of the short lifetimes,due to appreciable quenching. It should 
be noted that resonance Raman scattering is observed in substances characterized 
by considerable quenching. Resonance Raman scattering may be subject to quench- 
ing by admixtures and to concentrational quenching. 


"T.G.Shevchenko" Kiev State University 


CONNECTION BETWEEN RAMAN SPECTRA AND THE ELECTRONIC SPECTRA OF MOLECULES 
- M.D.Zepe 


In their derivation of Placzek's equation 
9 (4,,) 
(den) = [S22 | oe, (1) 


where 4. are components of the polarization tensor and g is the vibration co- 
ordinate, Vol'kenshtein and El'iashevich limited themselves to the linear term 
relative to g in the approximate expression for the wave function: 


Wee, 9) = {We (§, 0) + i q+: .} U4), (2) 


where W, is the electronic part of the function and U, is the vibrational part. 

In our analysis we show that in computing (1) the calculations can actually 
be restricted to the linear approximation, but that in calculating (doo)o0 s (Goo)ng , «.. 
it is necessary to continue the expansion through the quadratic, cubic, etc., 
terms. In calculations by the method of Vol'kenshtein and El'iashevich the dis— 
crete function } 

peje Uy She Devt bon 3 
(Yoe = (v0r2 ah Be Vaatyi(YOo — v) (3) 


is differentiated with respect to 4, which is permissible only provided F is re~ 
placed by a continuous function of 4. The possibility of such replacement can 
be proved by means of the method of Van Vleck, according to which 


(cools = 2 D(Z> 
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where w: is the vibrational energy of the excited electron state, while A and 
B depend ON vey ¥ WD and w).. Expanding the frequency term into a binomial 
series in we. and expressing the Hamiltonian of the vibrational motion of the 
excited electronic state He through the Hamiltonian of the ground state, with 


the potential energy represented in the form of a Morse function, we obtain, 
taking only the linear tern, 


# (Ye) = A -+ BA — (A + Br) (D.82q'2—2.D,82009), 
pas (oe) 


(5) 
39 boi = 2 (4% + B-) D.Biqo, 


where Dg and f, are parameters of the Morse function of the excited state and 
9 is the variation of the equilibrium state with electron excitation, Calcu- 
lations prove the validity of the method of Vol'kenshtein and El'iashev for 
the case when 


0 


(6) 


It can be shown that (1) is also valid when \%%—v~vyj) - 


Lastly, when v;—v~y., where 2 is the attenuation constant of the 
vibrations, two cases are possible: 

1) the incident photon hy approaches one of the higher Franck—Condon levels 
and a transition to resonance fluorescence takes place or 2) hy approaches the 
zero vibrational level of the excited electronic state. In the latter case for 
small values of % and relatively flat potential curves, (Pe)e(Po)eo has a finite 
value and the term, corresponding to the zero vibrational level in the scattering 
equation, may predominate due to the smallness of the denominator, in which the 
attenuation should be taken into account. Thus, we get 

or _ 1 (Po )oe(Pa ea 
(Ac0)oo = 7° 500 vapnyel (7) 

When the numerator in (7) is very small, one should also take into consider- 
ation the next 2-3 vibrational levels. When q is large and the potential 
curves are steep, (1) once more obtains approximately. 


Institute of Physics of the 
Academy of Sciences of the Latvian SSR 


THE ABSORPTION SPECTRA OF SOLID SOLUTIONS OF LEAD IN CADMIUM HALIDES 
~ A.F.Malysheva 


Investigation of the absorption spectra of activated crystalline phosphors 
presents a twofold interest: 1) comparison of the absorption bands of the host 
material and the activator with the excitation bands of the phosphor permits 
drawing certain deductions regarding the character of the processes occuring in 
the phosphor and aids in classifying the phosphor as to type and 2) comparison 
of the absorption bands of the pure host material and of the pure activator with 
the absorption bands of the phosphor offers a clue to the influence of the field 
of the crystal lattice of the host on the energy levels of the activator and 
Vice versa to the effect of the introduced activator on the energy states of the 
base substance lattice. 

Measurement of the absorption spectra of crystal phosphors in the usual form 
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of fine-crystal powders is commonly hampered by strong scattering of the light. 
On the other hand, it is sometimes impossible and always technically difficult 
to grow large single crystals of phosphors, However, phosphor sublimates pre- 
pared in the form of thin, dense layers by evaporative deposition on a suitable 
support under vacuum “ are convenient for the purpose of spectroscopic ab- 
sorption studies. 

In the present investigation we studied the absorption spectra of phosphor 
sublimates with halide salts of cadmium as the hosts and halide salts of lead 
as the activators. 

The absorption spectrum measurements were carried out by means of an SF=~4 
photoelectric spectrometer and extended over the region from 220 to 450 me To 
simplify comparison and facilitate measurement of the spectra partially over— 
lapping layers of the host and activator salts were deposited successively on 
the same support; thus the specimens comprised sections of pure host material, 
pure activator and phosphor. 

The absorption spectra of the pure host materials (CdClp, CdBro and CdIo) 
consist of a system of maxima which are displaced to the side of longer wave— 
lengths in going from the chloride to the iodide. The observed positions of the 
maxima were in agreement with Fesenfeldt's data, 

The absorption spectra of the pure activators (PbClo, PbBro and PbIo) are 
located at longer wavelengths than the spectra of the corresponding host materials. 
This circumstance is apparently an important condition where formation of the 
phosphor is concerned (where the phosphor is not formed by recombination). The 
pure activator spectra also show some displacement towards longer wavelengths in 
going from the chloride to the iodide. At the same time the sharp structure ex- 
hibited by the spectrum of lead chloride becomes increasingly more diffused in 
the bromide and iodide. 

The two-layer system as initially prepared turned into a phosphor only after 
appropriate heating, insuring diffusion of the activator substance into the host 
lattice and formation of a solid solution, Accordingly, the spectrum of the 
CdI,°PbIo system prior to heating roughly duplicates the absorption curve of 
pure CdI,4, except that the absorption is intensified at certain points where the 
tail of the activator absorption curve is superimposed on the host curve. After 
heating there appears a new narrow band with a maximum at 390 mp, which can be 
interpreted only as an absorption band of lead (incorporated in the host lat- 
tice) shifted by the field of the host material lattice. Compared with the ab- 
sorption band of pure lead iodide, the band of the lead in the cadmium iodide 
lattice is considerably narrower, which may be explained by the weaker interaction 
between ions in the pure PbhI, lattice. 

In contrast to the case of CdIy*PbIo, heating of the CdClo*PbClo and CdBros 
*PbBro systems does not lead to the appearance of a new line; the absorption band 
characteristic of the pure activator remains virtually unaltered. The difference 
in the behavior of the systems is probably connected with the different condi- 
tions under which the activator enters the host lattice. 

The emission spectra of the above systems are wide bands in the 500-700 mp 
region®; the breadth of the emission band is much greater than that of the ab- 
sorption band, The difference in band breadths can be explained with the aid of 
a scheme of energy levels in the form of potential curves in configurational co- 
ordinates, if one takes account of the displacement of the potential curve of the 
excited state with respect to the minimum of the normal state curve and the ex- 
treme flatness of the former, 

The writer wishes to thank fF. D. Klement under whose guidance this investiga- 
tion was carried out. 
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SPECTRA OF ELECTRON CAPTURE LEVELS IN ALKALI-HALIDE CRYSTAL PHOSPHORS | 
SPECTRA OF ELECTRON CAPTURE LEVELS IN ALKALI-HALIDE CRYSTAL PHOSPHORS | 
~ Ch. B. Lushchik 


The spectrum of the electron capture levels is one of the most important 
characteristics of crystal phosphors, for it determines all the inertial proper— 
ties of the phosphor. 

In the present investigation we studied the spectra of the thermal energy 
of activation of capture centers of 15 crystal phosphors: NaCleAgCl, NaCl*CuCl, 
NaCl°T1Cl, NabreAgBr, NuBreCuBr, NoBreTlbr, KCleAgCl, KCl-CuCl, KC1¢T1Cl, KBreAgBr, 
KBreCuBr, KBreTlBr, KI*Agi, KI*Cul and KI*T1I, We employed the method of thermal 
luminescence in the 130-500°K temperature interval with a rigorously constant 
rate of heating (0.15 degrees/sec) « The measurements were made with a photo 
electric photometer based on the design by S. F. Rodionov. 

The observed shape of the thermoluminescence peaks and the fact that their 
positions and half-widths are characteristically independent of the amount of 
stored up energy indicate that these are elementary peaks. Hence the thermal 
activation energy spectrum consists of a series of discrete levels. The energy 
of these levels was calculated from the thermoluminescence data by several dif- 
ferent methods. 

We determined that the great majority of the capture centers are actually 
thermal microdefects of the host material lattice and are not connected with the 
presence of activator ions in the crystal. llowever in crystals activated by 
thallium we also detected activator capture centers. 

We established a connection between certain additional absorption bands of 
pure alkali-halide crystals (F,M,R and F') and definite thermoluminescence peaks, 
which permitted us to compare the optical and thermal activation energies of the 
corresponding capture centers. 

The thermal energies of activation of centers of the same type in the homo— 
logous series NaCl, BaBr, KCl, KBr and KI vary in parallel with the melting point 
of the host substance; in some cases parallelism with the variation in the magni- 
tude of the lattice constant breaks down, however. Hence, the familiar Mol'vo 
ratio is not applicable to the thermal activation energies of capture centers. 

We further established that the anions of the host material have an appreciably 
stronger influence on the thermal energy of activation that do the cations. 

fhe spectrum of the electron capture levels becomes considerably more complex 
when the host material is a mixed crystal. It wus established that individual 
thermoluminescence peaks of KCl*IBreT1Cl, corresponding to the activator capture 
centers, are constituted by several superposed elementary thermoluminescence 
peaks, ‘This is evinced by the complicated shape of these peaks and their ab- 
normally great half-width (the half-width maximum for equal KCl and KBr content), 
Particularly indicative is the fact that after extinction of the KCl*KBreT1Cl 
phosphor, for some time before the thermoluminescence curve is obtained, the 
maximum of the thermoluminescence peak is shifted to the side of higher tenvera- 
tures [wavelengths?/ while the half-width of the peak is reduced. The complex 
character of the therwoluminescence peaks of mixed crystals may be explunined by 
the presence in these phosphors of “isostructures of capture centers"; the ques- 
tion of the existence of such “isostructures" has been examined in a number of 


nhilela WRAL et Fi 


iW 


. i 
crystallo-chemical papers (Ref. 2 and others). 
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SPATIAL DISTRIBUTION OF THE RADIATION FROM COLOR CENTERS AND THE 
NATURE OF SUCH CENTERS IN IONIC CRYST ALS* 
- P. P. Feofilov 


Perfect symmetry of cubic ionic crystals does not preclude anisotropy of 
the spatial distribution of the radiation from anisotropic, color centers, 
oriented along the crystal axes of symmetry. 3 

The luminescence of centers that form in the process of photochemical or 
additive coloring of single crystals of CaFo, NaF and LiF, excited by linearly 
polarized light,is found to be partially polarized. The degree of polarization 
is greatly dependent on the wavelength of the exciting light and on the orienta- 
tion of the electric vector of the exciting 
light relative to the crystallographic axes. 
The dependence of the degree of polarization 
on the wavelength of the exciting light 
(polarization spectrum) can be satisfactor— 
ily explained with the aid of the classical 
oscillator model of an anisotropic lumi- 
nescent center, comprising a certain combi- 
nation of linear and circular oscillators. 
The dependence of the degree of polariza—- 
tion on the relative orientations of the 
crystal axes and the electric vector (azi- 
muthal dependence) is indicative of an 
ordered orientation of the anisotropic 
centers relative to the crystal axes of 
symmetry. 

lt ae eT ae a Analysis of the azimuthal relation- 

ships shows that in CaFo crystals the line- 
Degree of polarization of resonance ar oscillators of the centers are oriented 
radiation for different values of J along the fourth order axes, while in crys— 


'in the ground and excited states. tals of LiF and NaF they are aligned with 
the crystallographic axes of the second 
order. 


The experimentally observed absolute values of the degree of polarization 
may be taken to indicate extreme anisotropy of the elementary emitters of the 
color centers, Analysis of the polarization of the resonance radiation, 


*For a more complete account of the investigation see Doklady AN SSSR, 
92, 545 & 743 (1953) & Bhur, eksp. i teor, fiz., 26, 609 (1954), 
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which has a certain similarity with the luminescence of the color centers under 


excitation in the long-wave absorption band, shows that the high absolute de- 
grees of polarization observed can be attained only when the inner quantum 
number J equals zero in the ground state or unity in the first excited state 
(see the accompanying figure in which the results of calculations of the degree 
of polarization of the resonance emission for different values of J in the 
ground and excited states are indicated). The fact that J is always an integer 
shows that color centers cannot be treated as one-electron systems like, for 
example, ordinary F-centers or superstoichiometric metal atoms (in the case of 
LiF and NaF). It may be assumed that the color centers in this case are so- 
called Fo-centers, i.e., electron pairs localized at neighboring anion sites. 
Examination of the crystallochemical structure of the compounds in question in- 
dicates that the Fo~centers should align with the fourth order axes in CaF 
crystals and along the second order axes in LiF and NaF crystals, which, o 
course, is in agreement with the results obtained in our analysis of the azi- 
muthal dependence of the polarization of luminescence, 


APPLICATION OF A SPECTROPHOTOMETRIC METHOD TO THE INVESTIGATION OF CHEMICAL 
SENSITIZATION OF A PHOTOGRAPHIC EMULSION 
- E.A.Kirillov, Zh.L.Broun & K.V.Chibisov 


The authors used the differential spectrophotometric method developed by 
Kirillov! to observe the process of center formation in the course of chemical 
(reduction) sensitization. The study was carried out on a Lippman type silver 
bromide emulsion which was sensitized by immersion in hydrazine solutions of 
different concentrations (0.23+1074 to 7.5°1074 mol/liter). The affect of the 
hydrazine was compared with that of accelerated aging of an air-dry layer in a 
thermostatic chamber, maintained at 52°C. In addition to the spectrophotometric 
measurements, the sensitization and aging effects were compared by photographic 
determination of the sensitivity. 

The spectrophotometric measurements showed that the absorption spectrum ob- 
tained as the result of treatment with hydrazine or accelerated aging is charac- 
terized by the same clearly defined fine structure as is observed in the case of 
photochemically dyed silver halides and atomized silver coatings applied under 
Vacuum. Whence it may be concluded that the silver centers formed as the result 
of photolysis, chemical reduction and accelerated aging are identical as regards 
structure. Further we determined that when a Lippman emulsion is processed in 
alkaline (pH = 10.17) hydrazine solutions, increase in the hydrazine concentra- 
tion is accompanied not only by an increase in absorption but also by broadening 
of the spectrum into the long wavelength region. Increasing the hydrazine con- 
centration from 0.23°1074 mol/liter to 7.5°1074 mol/liter also resulted in 14- 
fold increase in the speed of the processed emulsion, A certain increase in 
sensitivity (speed) is also observed in the case of accelerated aging which may 
be regarded as a type of chemical (second) ripening. 

It follows from the experimental data that the physical process occurring 
in sensitization with hydrazine and in chemical ripening (i.e., in accelerated 
aging) consists of a supplementary formation of silver centers, the number and 
size of which increase with increasing concentration of hydrazine or the length 
of time the emulsion is held in the thermostatic chamber. We may add that the 
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emulsion layers processed 
as described above did not 
show even a trace of fog 
upon development, for the 
silver centers formed under 
our experimental conditions 
did not attain the size or 
characteristics of fog centers. 
It was, however, possible to 
detect certain changes in the 
emulsion by means of the 
spectrophotometric method 
which goes to prove that this 
method is more sensitive than 
the photographic one. Com 
paring the results obtained 
for emulsions sensitized with 
hydrazine with those for e— 
mulsions chemically ripened 
in the process of accelerated 
aging we tentatively conclude 
that the increase in sensitivity 
(speed) occurring in treatment 
500. GO 100 G0 with hydrazine is connected 

A, ms primarily with the growth and 

accumulation of centers in the 
Dependence of the absorption spectrum of the size range conducive to light- 
silver bromide emulsion on the hydrazine absorption in the shorter wave— 
concentration in alkaline solutions: 1) buffer length region of the visible 
solution only (pH = 10.17); in hydrazine sol- spectrum, 
utions (pH = 10.17);2) 0.23, 3) 0.47, 4) 0.95, 
5) 1.9, 6) 7.5 — all x 1074 mol/liter. Institute of Physics of 
Odessa State University 


INFRARED BOUNDARY OF BLEACHING OF THE FINE STRUCTURE IN THE SPECTRUM 
OF PHOTOCHEMICALLY COLORED SILVER HALIDE* 
- E. A. Nesterovskaia 


The question of the long-wavelength boundary of the disintegration of 
latent-image centers by light has been investigated by fTerenin!, Bartelt and 
Krug“ and others. In these studies it was established that the infrared bound— 
ary of the Herschel effect for pure silver chloride and silver bromide emulsions 
lies near 1000 mu, Discovery of the fine structure in the absorption spectrum 
of photochemically dyed silver halide? & 4 and of the destruction of the centers 
associated with it under the influence of light® brought up the problem of de— 
termining the bleaching boundary of the fine structure and comparing the loca- 
tion of this boundary with that of the Herschel effect. 

The fact that the positions of the spectral maxima of bleaching and of 
absorption coincide, established by us in an earlier investigation, suggests 


that the corresponding centers play a significant part in the processes connected 


* The complete report appeared in Doklady AN SSSR, 96, 6, 997 (1954). 
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with bleaching. From a comparison of the spectral curves for absorption, | 
bleaching and the internal photoeffect5» 6 & 7 it may be concluded that centers } 
associated with the fine structure are active not only photochemically but also | 
photoelectrically: a possible mechanism of their destruction is the ejection of Hi 
an electron from the silver particle with its subsequent emergence into the con- i 
ductivity zone of the crystal. By analogy with the Ilerschel effect one might i 
expect the fine-structure bleaching process to have a spectral boundary in the 
red region at a point where the energy absorbed by the particles is just suf- i 
ficient to cause ejection of the electrons. To determine the location of this | 
boundary we extended our investigation of bleaching in fine grain silver chloride ‘| 
and bromide emulsions into the infrared region. 


Our measurements were carried 
out by the differential method de— 
wag 4 scribed by Kirillov? *& 4, We em | 
a ployed a double quartz-prism mono- 
chromator equipped with a thermo- 
pile and a photorelay with a silver 


Fk ; re sulfate photocell. The spectral 
S00 100 1300 ~ 1500 110 boundary was determined by two 
A, nfs methods, both previously employed 

Absorption spectra of AgCl: 1) after the in our preceding investigation», 
first exposure of the emulsion to light The first consisted of comparing 
from a mercury lamp for 15 min; 2) after the absorption spectra obtained 
a second exposure through a red (650- after the first coloring exposure 
3000 mp) filter for 15 hours, Ordinate of the emulsion and after the second 
scale graduated in ratios of the intensity bleaching exposure. The boundary 
of light passing through the unexposed wavelength of the bleaching effect 
section to the intensity of light passing is given by the point of inter-— 


through the exposed section of the emulsion. section of the two spectral absorp- 
tion curves (see figure). The 
second method consists of measuring 
the bleaching spectrum; the boundary is given by the point of intersection of 
the inverted curve with the X-axis. 

As may be seen from the accompanying figuie, bleaching of the fine structure 
is limited on the long wave side, with the boundary lying at about 1000 mw A 
certain decrease in absorption is observed in the region of shorter wavelengths; 
beyond the boundary there is no appreciable change in the form of the absorption 
curve after the second exposure, 

The mean position of the fine-structure bleaching boundary for AgCl and AgBr 
(at about 1000 mp) is in close agreement with the boundary of the Herschel effect 
as determined by photographic methods! * 2, This coincidence confirms that the 
Herschel effect is due primarily to destruction of centers of the same type as 
those associated with the fine structure. 

From the experimental results we can also draw the conclusion — important 
where fine structure theory is concerned — that only bands lying in the 1000 mp 
region correspond to the absorption causing the destruction of the centers in 
question. 


Institute of Physics of Odessa State University 
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SPECTROSCOPIC INVESTIGATION OF THE MECHANISM OF CONDENSATION OF 6-LONONE 
WITH ETHYL Y-BROMOCROTONIC ACID 
- N.A.Slovokhotova, G.I.Samokhvalov, M.A.Miropol'skaia, 
L.A.Bakulova, L.P.Zhukova & N.A.Preobrazhenski 


We investigated the condensation products of ~-ionone with ethyl 7Y-bromo~ 
crotonic acid in a benzene solution in the presence of metallic zinc. The re= 
action is accompanied by dehydration and leads to an unsaturated ether. Saponi- 
fication of the ether results in a viscous oily mixture of acids from which trans- 
€-ionolidene-crotonic acid (I, R = H): 


CH, 
CH=CH—C=CH—CH=CH—COOR | 


CH, 
=CH—CH=C—CH=CH—CH,—COOR II 


crystallizes out (the yield is 7~20%, referred to @-ionone). 

By fractional saponification we succeeded in separating out an acid (II) 
from the readily saponifiable part of the ethers, Both acids were then recon- 
verted to methyl ethers through the action of diazomethane. The absorption band 
in the vicinity of 1700 cm=! in the infrared spectrum of methyl 8 -ionolidene- 
crotonic acid (see Fig. 1, a) is characteristic of the group in aliphatic ethers. 
The frequency of vibration of the C==C bond is also reduced (to 1595 cm~!) be- 
cause of the linkage. The maximum of the absorption band in the ultraviolet 
region for this ether lies at about 325 mu (€ = 1025). 

The absorption band of the carbonyl group in the infrared spectrum of the 
methyl acid separated out of the easily saponified part of the ether lies at 

about 1730 em71, while the band 
associated with the Ca=C bond 
appears at 1600 cm-! (Fig. 1, 
b). The absorption peak in the 
ultraviolet for this ether is 
located at 315 mz. This justi- 
fies assigning the acid ob— 
‘tained from the readily saponi- 
fied ether the structure II 
(see above), wherein the C=0 
group is not linked with the 
polyene chain. 
The product of the re- 
800 1700 1600 1600 1700 1600 1800 1700 1600 1800 1700 1600 1600 1700 10 action of @ -ionone with ethyl 
pa Y-bromocrotonic acid was frac- 
Fig. 1. Absorption spectra: a) methyl G-ionol-  tionated under vacuum, 22 


% transmission 


idene-crotonic acid; b) methyl acid separated fractions being separated. The 
from the easily saponified part of the ether; first 14 fractions consisted 
c, d and e) fractions 17, 19 and 21, respect— primarily of ®-ionone. The re- 
ively, obtained as the result of fractionation maining 8 fractions (consti- 
of the interaction product of @-ionone with tuting 40% of the distillate 
ethyl Y-bromocrotonic acid. by weight) differ markedly from 


the ethers of @-ionolidene- 
crotonic acid (I, R=CH3) and have ultraviolet absorption maxima of different 


intensities at 285 my, Introduction of a base simultaneously with saponification 
results in isomerization with the formation of acids having the structures I and 
II (R=H). The process is accompanied by displacement of the absorption peak 
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in the ultraviolet by some 30-40 mp to the side of longer wavelengths, which 

is indicative of the lengthening of the system of conjugate double honds. Thus 
the principal product of condensation is the alkali-unstable ether V (see below), 
formed as the result of the anionotropic rearrangement and dehydration of the 
intermediate hydroxy-ether III: 


ct CH, 
CH=CH—C—CH,—CH=CH—COOR = CH— CH= C—CH,—CH=CH—COOR 
IV 
OH Il OH | 
ve 
\=CH—CH=C— CH,—CH=CH—COOR 


V 


Slower rearrangements also occur under the influence of heat in the process 
of distillation. Analysis of the infrared spectra of fractions 17, 19 and 21 
ar ge c, d & e) indicates the presence of products of step-by-step prototropic 
rearrangement of the condensate V, 


"L. Ia. Karpov" Physico-Chemical Institute 


THE CHEMILUMINESCENCE OF 3-AMINOPHTHALHYDRAZIDE (LUMINOL) 
- K.L.Klimovskaia, V.N,Vishnevski & V.E.Shmaevski 


The authors studied the variation of the chemiluminescence of white and 
yellow 3-aminophthalhydrazide in the process of oxidation by hydrogen peroxide 
and potassium ferricyanide in an alkaline medium, The variation in intensity 
was recorded on photographic film, 

It was found that increasing the hydrogen peroxide concentration (within 
the range of 76-1078 tu 70-1073 mol/liter) with the concentrations of the white 
hydrazide and the alkali ~— sodium hydroxide — being held constant at 118-1079 
and 20.3°10-8 mol/liter, respectively, shifts the peak of the I(t) curve to the 
side of larger values of t [time/. The maximum intensity of the luminescence of 
the solution is observed at a hydrogen peroxide concentration of about 3°107 
mol /liter. 

The existence of an optimum hydrogen peroxide concentration was also noted 
in the case of solutions of the yellow 3~aminophthalhydrazide, Furthermore it 
was established that the variation in the intensity of luminescence of the yellow 
hydrazide with increasing concentrations of sodium hydroxide (from 12.5°10°° to 
43.8°1073 mol/liter) and potassium ferricyanide (from 21-1075 to 171¢107° mol / 
liter) with oxidation of the hydrazide (80°10 mol /liter) by hydrogen peroxide 
(2°10-° mol/liter) is almost linear, 

With the concentrations of the yellow hydrazide and hydrogen peroxide con— 
stant (at 80°107° and 2°1075 mol /liter, respectively) the effects of changing 
the concentrations of the alkali and of the potassium ferricyanide are quali- 
tatively equivalent where the effective luminescence time is concerned, In both 
cases there is an optimum concentration at which the effective luminescence time 
is greatest; for the NaOH this optimum concentration is 25-1079 mol/liter (with 
the potassium ferricyanide concentration held at 6-1075 mol/liter) while the 
optimum for the potassium ferricyanide is 8.34°10~* mol/liter (Na0H concentration 
- 18°1073 mol/liter). 


eae 
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It was established that the luminescence intensity curve for white hydra- 
zide can have one or more (2-3) intensity peaks, The relative locations of the 
peaks and their height were found to depend on the instant of introduction of 
the potassium ferricyanide solution (20.3°107° mol /liter) and on the concentration 
of hydrogen peroxide employed (varied between 34°107° and 26.6°1073 mol/liter). 
Potassium ferricyanide increases the intensity of the first peak in the case of 
hydrogen peroxide concentrations under the optimum intensity one and, on the 
contrary, reduces the intensity in the case of peroxide concentrations exceeding 
the optimum intensity level. 

_ The luminescence of white hydrazide solutions (118-1075 pone eee white 
hydrazide, 20.3°10-3 mol/liter NaOH, and 106-10-5 mol/liter Ho909) was investi- 
gated at different temperatures between +10 and +30°C, The record showed that 
the luminescence reaches its maximum intensity more quickly as the temperature 
of the solution is increased; moreover increasing the temperature shortens the 
effective luminescence time and changes the shape of the curve. 

The following effect was noted in studying the luminescence of yellow 
hydrazide, At a NaOH concentration of 25°107% mol/liter, the concentration 
corresponding to the maximum effective luminescence time, the blackening of the 
film did not change gradually ( smoothly) during the entire luminescence period 
(as in all other cases); instead, the curve shows a slowing down of the rate of 
decrease in intensity at uniform intervals of about 2 sec (the galvanometer 
period was 1.1 sec). We obtained this stepped curve only with the indicated 
concentration; the effect quickly vanishes with any appreciable increase or dg- 
crease in the NaOH concentration. Thus at alkali concentrations of 18.75°10~ 
and 31.25°1073 mol/liter the effect was no longer apparent. The concentrations 
of the other solution components remained constant during the test (hydrazide 
- 80-1075 hydrogen peroxide — 2°107° and potassium ferricyanide — 0.6+10-4 
mol/liter). 

The authors wish to thank B. Ia. Sveshnikov for making available the white 
hydrazide used in the experiments. 


"Ivan Franko" L'vov State University 


THE ULTRAVIOLET AND VISIBLE ABSORPTION SPECTRA OF CERTAIN NITRO DERIVATIVES 
OF DIPHENYLAMINE 
- P. M. Bugai & V. N. Konel'skaia 


In connection with our study of the structure and chromaticity of inter- 
mediate dye compounds, we undertook the investigation of the absorption spectra 
of a number of nitro derivatives of diphenylamine (4—nitrodiphenylamine, 4, 4'- 
dinitrodiphenylamine, 2~nitrodiphenylamine, 2, 2%dinitrodiphenylamine and 2- 
methoxy—2'-nitrodiphenylamine) in ethyl alcohol, in a 2 molar alcohol solution 
of sodium alcoholate and in concentrated sulfuric acid. 

The observed absorption curves are reproduced in the accompanying figure. 

Where the solvent is ethyl alcohol the color of the substance is not al-— 
tered and the influence of only the nitro and methoxy groups on the character 
of the diphenylamine absorption spectrum can be observed. 

In contrast the 2 molar solution of sodium alcoholate has a strong effect 
on the absorption spectrum and chromaticity of the compounds: 
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Absorption curves of nitro-derivatives of diphenylamine: 
a) in ethyl alcohol, b) in 2 molar alcohol solution of sodium alcoholate, 
ec) in concentrated sulfuric acid. In all figures: 1 - diphenylamine, 
2 - 4-nitrophenylamine, 3 - 4, 4'-dinitrodiphenylamine, 4 - 2-nitrophenyl- 
amine, 5 - 2, 2'-dinitrodiphenylamine, 6 - 2-methoxy-2'-nitrodiphenylamine. 


ABSORPTION OF SOLUTIONS OF DIPHENYLAMINE AND ITS DERIVATIVES 


hayes Solutions 
= & i thyl in 2-molar N j trated 
in ethy in 2molar Na | in concentra 
x he Substance alcohol (a) alcoholate (b) | Ha, (c) 
i 
3°48 
lear Ig e A, mu Ig e A, mu Ig « A, mu 
1 Diphenylamine*, ** a= — — — 2,96 259 
4,49 285 4,49 287 20 276 
oe) 4-Nitrodiphenyl--+ 4,26 392 4,38 490 4,38 580 
amine* 3,89 258 3,60 294 3,89 282 
4,00 293, 
3 4,4'-Dinitrodi- 4,78 403 4,78 600 4,49 266 
phenylamine 4,26 234 oy, (te 282 
4,08 234 
4 2-Nitrodiphenyl- 3,78 425 4,00 460 4,00 210 
amine* 4,19 260, 4,08 270 
4,26 22 | 
5 2,2'-Dinitrodi- 3,89 423 aus! 590 4,19 270 
phenylamine* 4,19 265 4,00 290 
4,20 224 4,419 236 
2-Me thoxy—2'-nitro- 3,78 423 3,78 435 4,08 270 
diphenylamine 4,19 265 4,08 270 4,30 227 
4,26 223 


* Solutions of these substances in ethyl alcohol have also been 
studied by other investigators. (Refs. 1 & 2). 

x# The spectra of diphenylamine in concentrated sulfuric acid have 
been obtained by a number of investigators, (Ref. 3). 
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Analogous reactions occur with the dinitro derivatives of diphenylamine, 
accompanied in each case by the appearance of a characteristic color (see table). 
Concentrated sulfuric acid first acts on the investigated nitro derivatives 


of diphenylamine as an oxidizing agent and then forms ionoid type /quinoid 
structure?/ salts: 


ON = C,H, O.N — CoH, 
‘NH + H,SO0, > , Ns OH + H,SO, 
Cally C,H, 
O.N — CoH, ON aCeH, oo Tt 
‘N}:OH + H}:0:S0,H —> 1,0 + N | sop H. 


GH, i CoH; 
All ortho- and para-nitro derivatives of diphenylamine also react with 
sulfuric acid. The occurrence of the reaction is evinced by the change in the 


nature of the absorption spectrum and the deepening of the color characteristic 
of such substances in azo salts of the ionoid /quinoid?/ type. 


Conclusions 


1. The nitro group as an auxochrome group affects the character of the 
absorption curve. 


2. The reaction of 2 molar sodium alcoholate solution with nitro derivatives 
of diphenylamine leads to the formation of molecules of the quinoid type which 
in turn yield deeply colored ionic salts. 

3. Concentrated sulfuric acid reacting with the nitro derivatives of di- 
phenylamine forms compounds of the ionic azo type; the initial reaction here is 
oxidation and this is followed by the formation of an azo sulfate which greatly 
intensifies the color. 


"V. I. Lenin" Khar'kov Polytechnical Institute 
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SPECTROSCOPIC INVESTIGATION OF SOLUTIONS OF ANTIMONY CHLORIDES 
-~ Re. A. Dashkovskaia & I. I. Kondilenko 


We investigated the absorption spectra and Raman spectra of solutions of 
antimony tri~ and pentachloride in parallel. ‘he absorption spectrum of the 
solution of SbClg in saturated hydrochloric acid is located at 230 ma (Curve 1 
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in the accompanying figure.) Reducing the HCl concentration lowers the ab— 
sorption curve and displaces the peak to the side of shorter wavelengths. At 

an HCl concentration on the order of 0.5 mol /liter only the long-wave edge of 
the band can be observed. The main part of the spectrum of the pure-water solu- 
tion of SbCl, (2.810795 mol /liter) lies in the region below 200 me. Under the 
influence of short ultraviolet radiation, the absorption band of SbCl, in satu- 
rated hydrochloric acid solution at 230 mM gradually fades and instead there 
develops a new maximum at 270 mm (Curves 2 & 3). This photochemical transforma- 
tion proceeds more slowly at lower HCl concentrations and ceases entirely in 
pure water. Special experiments showed that the photochemical process is ir- 
reversible. 

As regards shape and location on the wave 
length scale, the absorption curve of the ir- 
radiated solution of SbClg in saturated HCl virtu- 
ally coincides with the absorption curve of SbCls5 
in saturated HCl (Curve 4). The latter curve is 
lowered without being shifted as the hydrochloric 
acid concentration is decreased. 

The spectroscopic samples were purified by 
repeated vacuum distillation. The Raman spectra 
were obtained using conventional equipment for 
this purpose. It may be noted that the Raman 
lines of SbClg solutions proved to be rather 
diffuse. 

The results of measurement are given in 
Tables 1 and 2, together with frequencies of the 
Raman spectra of molten SbClg and SbCls reported 
by other investigators!-3, It will be seen from 
Table 1 that the Raman spectrum of SbCl, in solu- 
tion exhibits no new lines, but as compared with 
the molten state spectrum, the lines are shifted 
to the side of the exciting line, the shift being 
Absorption spectra of antimony greater for higher concentrations of HCl. The 


chloride solutions (all con-, shortest frequency (134 cm=!) line was not ob— 

centrations in mol /liter) : served; presumably it was obscured by the halo 

1) SbCl3 - 2.3°1074 & HCl - around the greatly overexposed 4358 A line. 

11.5; before irradiation with The following conclusions may be drawn from 

short ultraviolet; 2) same so— the experimental results: 

lution but after irradiation 1, The Raman spectra of the aqueous solutions 

for 10 min; 3) same solution of SbCl3, as well as the spectra of the molten 

but after 3 hours irradiation; salt and its non-aqueous solutions, indicate that 

4)SbCl5 ~ 5.96°1074 & HCl = the nucleus of the absorption "centers" is con- 

11.5. stituted by a SbCly4 formation in the shape of a 
trihedral pyramid;this pyramidal formation is 
surrounded by ions and molecules of the solvent 

which exert a deforming influence —- primarily electrostatic in character — on the 

SbClg bonds. This leads to the weakening of the bonds and a reduction of the 


vibrational frequencies as the HCl concentration is increased. 

2. In consequence of the appreciable influence of the hydrogen ions on the 
pyramidal SbClg formation*there appears a new absorption maximum at a wavelength 
of 232 m at high concentrations of HCl. 

Irradiation with short ultraviolet causes breaking away of an electron (whose 
bonds have been weakened through the influence of the hydrogen ions) from the 
Sbtt+t+ ion, The Sb+++ ion is thus "oxidized" to a four valent one and then under-— 
goes a rapid transition to five valent antimony. Hence after irradiation of a 
solution of SbCl, in saturated hydrochloric acid with short ultraviolet, the ab- 
sorption (at 270 mp) occurs in the newly formed complex comprising Sb°%t, 
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Table ] 


Raman spectra of solutions of SbClg and of the molten salt 


a 


Solutions in: 


Solutions of SbClgz in different 
concentrations of HCl (mol/liter): 


Molten 
SbCl, 


That hydrogen ions play an essential part in the above-described process is 
confirmed by the fact that no analogous process is observed in the case of aqueous 
solutions with KCl or LiCl. 


"T, G. Shevchenko" Kiev State University 
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RAMAN SPECTRA OF SOME HYDROCARBONS OF THE CYCLOBUTANE SERIES 
~ V.T.Aleksanian, M.Iu.Lukina, Kh.E.Sterin & B.A.Kazanski 


The present investigation, which forms part of a series of studies carried 
out under the joint auspices of the Institute of Organic Chemistry and the 
Physical Institute of the Academy of Sciences of the USSR, concerned the Raman 
spectra of nine hydrocarbons of the cyclobutane series, The results follow: 

/franslator's note: d = double, w = wide, p = polarized, bkgd » background; 
the figures in parentheses are presumably relative intensities. 


METHYLCYCLOBUTANE. tpoil = 37.4° (760 mm); np? = 1.3870; 99 = 0.6990; 
MRp = 23.58; MRp (calc. for C5Hj9) = 23.09; increment MRp = 0.49. 


Avem=!; 319 (9,d), 374 (1), 417 (7), 605 (16,p), 775 (3,w), 864 (15,w), 


Sagge | 


881 (23,w), 914 (60), 922 (60), 965 (70,p), 1064 (10,p), 1082 (3), 1104 (23,p), 
1124 (0), 1160 (7,p), 1181 (5,p), 1199 (1), 1223 (1l,w), 1233 (4), 1260 (5,w), 
1285 (1,w), 1341 (7,w), 1379 (3,w), 1445 (35,w), 1456 (20,w), 1463 (5,9), 2859 
(100, p, bkgd), 2867 (130, p, bkgd), 2906 (140,p, bkgd), 2920 (130,p), 2951 
(150, bkgd.), 2961 (160, bkgd). 


56 TRANS=1, 3-DIMETHYLCYCLOBUTANE. tpoi1 = 57.4-57.69 (760 mm); nZ0 = 1.3896; 
dy = 0.7016; MRp = 28.39; MRp (cale. for CgHj9) = 27.71; increment MRp = 0.68, 


Avem=!; 333 (3), 357 (15,w), 366 (3), 433 (23,p), 463 (1), 472 (0), 565 (40,p), 
586 (2), 622 (1), 644 (3), 745 (3), 763 (5), 854 (4), 877 (30,w), 887 (88,w,p), 
946 (18,p), 975 (5), 1001 (1), 1035 (2), 1060 ae 1083 (1), 1103 (20,w), 1130 
(26,w,p),, 1150 (3), 1175 (10), 1198 (5), 1234 16,w), 1273 (7,w), 1293 (5), 1352 
(215, 1376 (3), 1458 (49,w), 2852 (50,p,p), 2869 (120, P»p), 2890 (150,p), 2910 
(50, bkgd), 2928 (190, w, bkgd, p), 2957 (190,w,d). | 


CIS-1, 3-DIMETHYLCYCLOBUTANE. thoi} = 60.5-60.6° (760 mm); nj? = 1.3933; 
dZ° = 0.7106; MRp = 28.26; MRp (calc. for CgH}9) = 27.71; increment MRp = 0.55. 


dy cm-l; 276 (4,w), 333 (24,w,p), 380 ane 433 (2,w), 565 (1,w), 617 (0), 
644 (33,p), 664 tS bkgd), 704 (2,w), 756 (0,w), 797 (14,w), 855 (69, p), 891 (63,w), 
935 (ll,p), 962 1}, 974 (1), 988 (TY 1004 (1), 1031 ‘eee 1110 (48,w), 1130 
(0), 1158 (7), 1169 (7), 1189 (5), 1219 (1l,w), 1245 (12,w), 1848 (17,w), 1377 (5), 
1456 (57,w), 2847 (20,p), 2869 (120, p, bkgd, p), 2893 (90, bkgd), 2922 (250, bkgd, p), 
2936 (250, bked, p), 2956 (250, bkgd). | 


dj? = 0.7224; MRp = 32.96; MRp (cale. for C7Hy4) = 32.32; increment MRp = 0.64, 


Ayem-!; 236 (1), 249 (1), 284 (1), 325 (3), 380 (0), 409 (54,w,p), 434 
(8, w, bkgd), 557 (1), 583 (23,w), 609 (3), 751 (4,w), 804 (1), 882 (52), 894 
(63,w,p), 928 (36,w), 939 (15,w), 959 (sw). 1066 (17,w), 1096 (19,w), 1118 (20, 
¥ cy, 1135 (18,w), 1175 (8,w), 1233 (16,w), 1260 Ca. a, 1309 (10,w), 1338 (3), 
1362 (16,w), 1380 (3), 1445 (10, bkgd), 1458 (56,w), 2855 (80), 2868 (60, bkga), 
hoe bkgd), 2901 (60, bkgd), 2925 (50, bkgd), 2943 (140, bkgd), 2959 (170, 
bkgd). 


CIS—1-METHYL-3-ETHYLCYCLOBUTANE, thoi = 91.0-91.1° (760 mm); nf? = 1.4043; 
a79 = 0.7316; MRp = 32.81; MRp (calc. for C7H,,4) = 32.32; increment MRp = 0.49. 


AVem=!; 284 (0), 321 (25,w,p), 349 (1), 425 (10,w,p), 438 (15,w), 505. (0), 
556 (0), 621 (0), 651 (18,p), 673 (0), 704 (1), 725 fe 750 (3,w), 789 (4), 807 
Fei wale 858 (10,w) 868 (38,p,p), 887 (28), 925 (34,w), 958 (5), 990 (5), 1008 
(5), 1043 (10), 1096 (30,p), 1116 (26,p), 1141 (1), 1176 (3), 1194 (5), 1214 (3), 


TRANS~1-METHYL-3-ETHYLCYCLOBUTANE. thoi) = 87.9-88.1° 760 mm); nf? = 1.4005; 


1240 (7), 1252 (3), 1271 (4), 1308 (6), 1333 (4), 1357 (12), 1376 (2), 1455 (56,w), 
2853 60), 2871 (100, w, bkgd, p), 2893 (140,w), 2914 (100,w), 2933 (255,w,p), 
2955 (150,w). 


TRANS~1-METHYL—3-n-PROPYLCYCLOBUTANE. thoi] = 116.1~-116,3° (760 mm); n2° . 
=1.4088; d79 = 0.7370; MRp = 37.60; MR) (calc. for CgHyg) = 36.94; increment 
MR, = 0.66; aniline point = 60.4°, 


Avem=!; 286 (2), 293 (2), 320 (20,p), 346 (3), 392 (21,p), 423 (6,w), 454 
(6,w), 495 (0), 531 (17), 584 (8,w), 603 (1l,w), 705 (1), 740 (2), 803 (6,w), 
851 (10,w), 886 (42,d, one component p), 913 (21,p), 947 (30,w), 996 (0), 1026 

9,w), 1039 (9,w), 1072 (17,w), 1109 (15), 1123 (21), 1174 (4), 1204 (1), 1231 

7,w), 1270 (1), 1303 (5), 1317 (2),1341 (7,w), 1366 (4), 1441 (25,w), 1457 (46, 
w), 1488 (0), 2398 (0), 2441 (5), 2452 (10), 2489 (20,w), 2847 (80,w,p), 2864 

120, w, bkgd, p), 2887 (170, bkgd), 2910 (80, bkgd), 2919 (120, w, bkgd), 2934 
baa bkgd), 2958 (150, w, bked). 
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99 CIS-1-METHYL-3-n-PROPYLCYCLOBUTANE. t), |; 
ad, = 0.7453; MR») = 37.49; MRp (calc. for Coll 
se : D nail 9 816 
analine point = 57.2°, 


118.5-118.79; n29 1.4128; 
36.94; iuersnént MRp = 0.55; 


fe 8 


dycm=1; 201 (0) (the intensities here are visual evaluations on the ten-— 

point scale), 230 (1), 242 (1), 257 (1), 293 (3), 317 (3,w), 386 (1,w), 416 (3), 
425 (2,w), 463 (1), 516 (0), 538 (0), 589 (1), 627 (1), 679 (l,w), 707 (1), 737 
(0), 794 (3), 808 (3), 827 (3,w), 845 (5), 888 (7,w), 943 (5,w), 976 (1,w), 1001 
ne 1033 (3,w), 1056 (2,w), 1080 (1,w), 1110 (7,w), 1127 (2), 1153 (1), 1195, 

2, bkgd), 1208 (2, bked), 1239 Casey 1276 (2), 1301 (3), 1315 (1), 1342 (3,w), 
1370 Opeae 1442 (5,w), 1455 (8,w), 1481 (1), 1502 (0), 2839 (5), 2869 Ci, w); 
2887 (5,w), 2916 (5, bkgd), 2933 (8,w), 2956 (5,w). 


TRANS~1, 2-DIMETHYL (Ref. 1). tpoia = 56.8-56.92° (760 mm); nZ’= 1.3893; 
az? = 0.7029; MRp = 28.33; MRp (calc. for CgHy 9) = 27.71; increment MRp = 0.62; 
aniline point = 52.0°, 


Avem=1; 201 (2), 248 (12,w), 295. (1,w), 308 (1), 343 (0), 374 (7,w), 483 
(29,p), 568 (0), 592 (10,w), 756 (66,p), 800 (4), 877 (60,w), 900 (18), 933 (60, 
p), 1073 (3), 1096 (15,w), 1117 (24,p), 1165 (12,p), 1199 (10), 1222 (7,p), 1252 
(7), 1289 (15, 1307 Me 1325 (9), 1378 (5,w), 1442 (34,w), 1456 (5l,w), 2864 

180,w,p), 2886 (160,w), 2901 (50, bkgd), 2923 (160, bkgd, p), 2956 (220,w). 


1-METHYL-2~-ETHYLCYCLOBUTANE (with an appreciable preponderance of the trans-—- 
form). thoi1 = 90-1° (760 mm); nf9 = 1.4030; 429 - 0.7284; MRp = 32.86; MR 
(calc. for C7Hy4) = 32.32; increment MR) = 0.54. 


Avem!; 265 (15,w), 322 (2,w), 349 (2), 373 (3), 411 (11), 432 (16), 475 
(21,p), 502 (0), 526 (1), 550 (1), 590 (8,w), 607 (4), 677 (3), 735 (22,p), 756 
(13,p), 784 (27,p), 797 (15,w,p), 880 (17,w), 910 (48,w), 930 (43,w,p), 954 (12), 
985 (2), 1020 (5), 1088 (28, w, bkgd), 1116. (30, w, bkgd), 1144 (2), 1170 (192), 
1192 (10,p), 1220 (7), 1235 (5), 1243 (5), 1276 (1), 1305 (10), 1337 (8,w), 1360 
(2), 1381 (4), 1445 (66,w), 1456 (40,w), 2862 (100, w, bkgd), 2876 (170,w,p, bkga), 
2902 (130, p, bkgd), 2935 (140, p, bked), 2960 (170, w, aeeee 


The investigated spectra exhibit a number of distinctive features: 

1. All the spectra have a group of three-four intense, partially polarized 
lines in the region of 850-950 cm=l, one or two lines in the 1090-1120 em- 
region and a polarized line in the 300-450 cm~! interval. Despite the compara- 
tively limited number of compounds studied, it may be safely assumed that the 
above mentioned lines are characteristic of hydrocarbons containing a cyclobutane 
ring. ) 

The stereoisomers, characterized by the same type of ring substitution, have 
the following common frequencies: 

Trans-1, 3-substituted: 392-433, 877-886, 886-894, 930-945, 1096-1110, 
1123-1135 and 1230-1233. ; 

Cis-l, 3-substituted: 317-333, 644-650, 790-810, 845-865, 887-891, 925-943, 
1096-1110, 1240-1245. 

Trans-l1, 2~substituted: 475-483, 756, 877-888, 900-910, 930-933, 1038-1096, 
1117. 

3. The frequencies of the cis- form, as in the case of most homologues of 
cyclopentane and cyclohexane, are generally lower than the corresponding fre- 
quencies of the trans— form. 

In the accompanying table our experimental results are juxtaposed with the 
interpretation of the ring frequencies of cyclobutane given in Ref. 2, 

It will be noted that the frequency of pulsation of the ring goes down from 
1010 cm-! in cyclobutane to 850-900 cm™* in the spectra of its di-derivatives,. 
It may be assumed that this is connected with ao decrease in ring strain, which 
is in conformity with the lower value of the refraction increment in cis-l, 
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3-compounds as compared with trans— compounds in accordance with the lower 
value of the totally symmetrical ring frequency in the 850-900 ecm7! 
Lastly, we note that in contrast to the Case in the spectra of paraffins, 
naphthenes (5— and 6-membered), alkenes and many aromatic series compounds, 
the C—H valence vibration lines are very sharp in the spectra of most of the 
investigated compounds. An analogous effect was observed in the Spectra of 
ethylcyclopropane and l, 1, 2-trimethylcyclopropane, 


Tentative interpretation of the frequencies of the investigated hydrocarbons 


region. 


Frequency in oF Frequency in Frequency in 

cyclobutane » 9 | Spectra of spectra of Remarks 

spectrum 8. monoderiva— di-deriva— 

(Ref.2),cm7} ot tives, cm™ tives, cm-l 

1010(p,Rmn) | Aj, | 930-967 (P) A | 850-900 (P) 

940(d,Rmn) | By, | 910-930 (2) B_ | 900-954 ( dp) 

62a7(i-r.,t) | BY ? A+B 2 A number of frequencies 
( B 9 present in this region; 

hte teh 2g A exact assignment difficult. 

Blg viNy A 32 So low a value appears 
PSS doubtful. May correspond 
(forbidden) 


to the polarized line at 
300-450 cm~! observed in 
all spectra. 


Commission on Spectroscopy at the 
OFMN of the Academy of Sciences 

and the 
Institute of Organic Chemistry of the 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE MOLECULAR SPECTRA OF ORGANO-SILICON COMPOUNDS 
BY THE METHODS OF RAMAN AND INFRARED SPECTROSCOPY 
- Iu. P. Egorov 


In order to study the molecular spectra of organo-silicon compounds and 
refine the assignment of C—H group vibration frequencies to the various paraf- 
fin isomers, we investigated a series of unsaturated silanes - 

(Clg) KSi(CHyCHCHy) 4_ 1, [k - 0, 1, 2 or 3) - and five branched-dodecanes. We ob-— 
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tained the Raman spectra, measuring the polarization, integral intensity and | 
breadths of the characteristic lines! and the infrared absorption spectra. | 

A definite proportional relationship was found to obtain between the in- tl 
tegral intensity of each of the characteristic Raman lines and the number of 
CHoCH=-CHy groups about the Si atom , with the values of the line width and | 
polarization remaining constant. The magnitude of the molecular absorption 
coefficient for the corresponding infrared bands is characterized by a like 
proportionality. It was also established that the contour and breadth of the 
3.25 and 6.16 « bands remain constant. A similar relationship characterizing 
the intensity of these bands has been observed in molecules of the type 
R3Si—(CHoCH=-CHo) where R = CHg, Colls, etc.2 

The results indicate that interaction between neighboring groups linked 
to the Si atom is very weak and that the effect of the groups is additive, i.e., 
that the manifestation of these groups in silane molecules is rigorously charac- 
teristic of the coordinate group as a whole, which is in agreement with theory3, 

These attributes are particularly apparent in the frequency region of C—H 
vibrations. In silanes of the form Si(CH3)4 (Ref. 4), (Cl3)3Si—c==c—cgis 
.(Ref. 5) and others, there are only two lines in this region — at 290 and 
2963 cm7! — and, in conformity with theory, the first of these is polarized, 
the second, depolarized. In contrast, the simplest analogous molecule not con- 
taining silicon, i.e., C(CH3) 45 has five lines in the Cll vibration region, 
Three-four frequencies — 2880, 2900-2915 and 2965 cm7! — are reported in Refs. 
5 and 6 for silanes having the formulas (Coll5) g38i—C==C—Cglis and (CoHs) 4Si. 
From comparison of these data it follows that the frequencies associated with 
the CHo group are 2880 and 2915 em~1, while the frequencies belonging to the 
CH3 group are 2900 and 2963 cm=!, The results indicate that it is expedient to 
assign frequencies on the basis of the spectra of molecules with non-interacting 
functional groups. This is particularly important in the case of branched paraf- 
fins, for which C—H vibration frequency assignments in the literature are 
conflicting. 

Assuming the multiplicity of lines in this region to be a consequence of 
interaction between neighboring groups and comparing the spectra of silanes and 
diverse paraffins, we arrived at the interpretation given in the accompanying 
table. 


Assignment of CH vibration frequencies to different molecular groups 


Frequencies, cm-l 


Investigators 


2856 2875 2905 2936 2965 


Iu.P. Egorov CH, CH,| CHy, CH, 


CI CH CH, 
CH, CH, 


CH, 


M.V.Vol'kenshtein et al4 Jou, cu) cu, | cus, ci) cu, CH, 


The lines do not have unique assignments; the predominant groups in each 
case are indicated in heavy type. ‘The principal differences between our inter- 
pretation and that of other investigators are the assignment of the 2875 cm 
frequency to the CH and CH»o groups instead of to CHg and of the 2936 en7! fre- 
quency to CHginstead of to Cll. 

To verify our attributions, we obtained the Raman and infrared spectra of 
three isoparaffins differing radically in structure: (I) — n-dodecane, (II) 
—2, 5, 8-trimethylnonane and (III1)— 2, 2, 4, 6, 6—pentamethylheptane. Measure- 
ments showed that the intensity of the 2875 em! line is 70 in (I), 60 in (ITI) 


and 35 in (III), although (I) has only two CHg groups while (II) and (III) have 
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2-5 and 3.5 times that number, respectively. The intensity of the 2936 cml 
line decreases in a like manner, being 45 in (I), 40 in (II) and 5 in Gane 
This variation in intensity is explained by the decrease in the number of CHo 
groups present as we go from (I) to (III) and by the numerous CH groups present 
in (II). The variation in the intensity of the other lines and bands in the 
spectra confirms our interpretation, 

In closing the writer wishes to express his gratitude to P.A.Bazhulin for 
his help and advice in the preparation of this report. 


Physics Department of 
Moscow State University 
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ANALYSIS OF THE AROMATIC COMPONENTS OF LIGROIN BY RAMAN SPECTROSCOPY 
- B.A.Kazanski, G.S.Landsberg, V.T.Aleksanian, T.F,Bulanova, 
A.L.Liberman, E.A.Mikhailova, A.F.Plate, KH.E,Sterin & S.A.Ukholin 


As is known, spectroscopic determination of the hydrocarbon composition of 
gasolines becomes increasingly difficult as the boiling point goes up. When we 
get into the ligroins the difficulties mount with the increase in the number of 
hydrocarbon isomers present, particularly since their spectra are still largely 
unknown, We attempted to obviate the difficulties to some extent by taking ad- 
vantage of the fact that the Raman spectra of mono-~, di- and tri-substituted 
benzenes contain lines that are characteristic of the type of substitution in 
the benzene ring 22, We felt that these properties of benzene homologues could 
be made use of for determining the composition of the natural (primary) aromatic 
hydrocarbons of ligroin as well as of its cyclohexane constituents converted to 
aromatic compounds (secondary aromatics). The present report is devoted to a 
description of our procedure and a summary of the results of individual and 
narrow-group analyses of the primary and secondary aromatic compounds of ligroin,. 

1. The preparatory phase of the investigation consisted of studying the 
characteristic lines of aromatic hydrocarbon spectra, The most suitable for 
our purpose, of course, were spectra whose line intensities had been measured 
with reference to the scale used in our (Soviet) laboratories; unfortunately 
there are few such spectra. Most of the spectra used were taken from the litera- 
ture; many of these were investigated under uniform conditions by the method of 
photoelectric recording? while the remainder were obtained photographically by 
different investigators, with the intensity being evaluated visually in most 
cases. All the pertinent data reported in spectroscopic literature, although 
of varying value, was utilized to some extent in our study. Subsequently we 


added to our list the spectra of a number of hydrocarbons specially synthesized 
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for the purposes of this investigation. 

From the material so assembled we carefully selected the lines character-— 
izing each type of substitution in the benzene ring. It was found that the 
intensity of the lines associated with a given type of replacement was not 
markedly dependent on the substituted radical. Hence the intensity of a line 
averaged for different compounds may also he said to characterize, to some ex~ 
tent, the given type of substitution in the experimental temperature interval 
(around 50°C). The characteristic lines and their "typical" average intensities 
are listed in Table 1. The number of spectra of each type studied may be taken 
as an index to the reliability of the indications. Obviously, the frequency 
values in Table 1 are far more reliable than the intensity values. 

2. A ligroin sample of Emba petroleum (Koschagyl' deposit), boiling be- 
tween 150 and 250°C,was subjected to Raman spectro-analysis by the methods 
adopted for gasolines3. The special procedures employed for ligroin in such 
analyses will be described elsewhere. Here we will only note that the spectrum 
of the fractions boiling at above 200° has a strong background. 

Primary aromatic hydrocarbons. First the individual composition of the 
first six fractions, boiling et under 179°C, was established rather fully. Then, 
using the data of Table 1 we carried out a group analysis for the different ben- 
zene homologues of five of these fractions. As will be seen from Table 2, there 
are only minor divergences between the results of the individual and narrow- 
group analyses, which promises well for the proposed method. 

By extrapolation of the narrow-group indications we also evaluated the con- 
tent of the various benzene homologues in the higher—boiling fractions (179-255°C). 
A number of individual hydrocarbons were also identified in these fractions: the 
simplest tetra-alkylbenzenes and very minor amounts of indan and tetralin and 
naphthalene. 


Table 1 


Characteristic lines in the spectra of aromatic hydrocarbons 
and their average intensities 


Hydrocarbons, type Hydrocarbons, type 


substitution & Frequenc substitution & ; x 
number of given : = “a number of given Frequency ibis Soles 
type spectra © be type spectra mA: 
analyzed | analyzed 
ae 
Monoalkylbenzenes 621 4+-2%2 40 || 1,2, 3-Trialkyl— 482-42 75 
1002-2 350 || “benzenes 5323 55 
17 10314 75 3 65243 450 
115644 3 99441 50 
1182--1%8 15 1097 +5 100 
120545 65 Aarne 
ra ’ jalkyl— | 458—485%6 75 
1, 2-Dialkylben- 586 +4 35 || | benzenes 548 +6 120 
genes 71453 130 4 73845 150 
6 1039 +6 200 1245-42 120 
122045 50 P : 
1, 3-Dialkylben— 52546%4% | . 80 ||»..Penzenes 57443 | . 240 
——e 71648 140 2 9994-2 350 
6 100251 400 129743 100 
124743 65 
wet : Naphthalene & 510—525 ~250 
1, 4-Di alkyl ben- 64242 50 ts homologues | 4368_1385,|, ~2500 
zenes 780810 | 250 1570—1585 | 300—500 
1204 4-4 100) ps oh 
enyl : V9RE 
homologues 4270—1285 


*1, Intensities referred to cyclohexane. 

*2, Possible range of frequency variation for different spectra, 
*3. In five of the seventeen spectra this line was not observed, 
*4, This line is absent in one of the six spectra. 

*5, One or two lines. 
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' Table 2 
Comparison of results of individual and grou analyses 


Content 
Individual hydrocarbons & Fraction No. and boiling points 
types of alkyl-substituted II III IV Vv VI 
benzenes 155-161° | 161-1659 |165-169° | 169-175° | 175-179°¢ 

n~Propylbenzene 15 3 - - - 
tert—Butylbenzene - 5 10 1-2 _ 
Isobutylbenzene ~ ~ 10 2 ~ 
n-Butyl benzene ~ ~ ~ 5 25 
Monoalkylbenzenes* 15 5 10 20 20 
1-Methy1-2-ethylbenzene 5 10 ~ - - 
1, 2-Diakylbenzenes* 5 f - 2 - 
l-Methy1-3-ethylbenzene 40 5 - - - 
1-Methy1-3-n-propyl benzene - ~ - - 20 
1,3-Dialkylbenzenes* 35 2 10 5 15 
1-Methy1-4~-ethylbenzene 15 5 - - - 
1-Methy1—4-i sopropylbenzene ~ ~ - 10 20 
1, 4-Dialkylbenzenes* 15 3 5 10 20 
1,2,3-Trimethyl benzene ~ - 5 65 5 
1,2,3-Trialkylbenzenes* | ~ ~ 3 45 3 
1,2,4-Trimethylbenzene ~ 25 65 10 = 
1,3-Dimethyl—4-ethylbenzene ~ - - - 10 
1, 2,4-Trialkylbenzenes* 2 20 60 10 15 
1,3,5-Trimethylbenzene 15 45 2 - - 
1,3-Dimethyl-5-ethylbenzene - - - - 10 
1,3,5-Trialkylbenzenes 20 60 2 - 20 


ce es mm en ee 0 we ee se 


*Group analysis data 


Seconda aromatic hydrocarbons (153-271°9C)., The fractions here were taken 
in a rather wide temperature interval and hence we were forced to restrict the 
analysis to the determination of a few individual hydrocarbons. In contrast to 
the case of the lighter fractions, we detected diphenyls in the higher boiling 
fractions, while alkylbenzenes were identified only from group indications. 

Comparison of the results for the primary and secondary aromatic hydro- 
carbons indicates that the original ligroin contained alkyl—substituted benzenes 
and cyclohexane, primarily with short replacement radicals. 


"N.D.Zelinski" Institute of Organic Chemistry 
of the Academy of Sciences of the USSR 
and the 
Commission on Spectroscopy at the 
OFMN of the Academy of Sciences of the USSR 
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APPLICATION OF INFRARED SPECTROSCOPY 0 THE INVESTIGATION OF PETROLEUM PRODUCTS 
- K.I.dZimina, A.V. Iogansen & A.G.Sigriuk 


We applied the methods of infrared absorption spectroscopy to group structur- 
al analysis of petroleum products: gasolines, kerosenes, oils and tarry residues. 

1. Characteristic bands in the 800 to 1000 cm7! region, associated with non 
plane, distortional vibrations of hydrogen atoms at double bonds, were used to 
establish the content of the following types of unsaturated hydrocarbons: 

I — RCH=-CHy (909 and 993 cm7!); II — RR'CoxCHy (about 890 cm7!); III - trans- 
RCH==CHR' (about 970 cm@!); IV - RR'C—=CHR" (about 820 em-1),. In motor vehicle 
and aviation gasolines produced by catalytic cracking, compounds of types IV and 
II predominate, those of type III are present in small amounts, while type I is 
absent. Hydrocarbons of all four types are found in gasolines and kerosenes 
produced by heat cracking. 

2. ‘The presence of isoparaffin hydrocarbons in normal paraffins, separated 
from straight—run kerosene in deparaffination with carbamide, was determined ac— 
cording to the integral intensity of the band at 1380 cem~! (distortional vibra- 
tion of CHs groups). In the analysis of oil fractions, increase in branching or 
in the number of side chains of aromatic hydrocarbon molecules with increasing 
molecular weight of the fraction was determined in an analogous manner. 

3. We also investigated the region of the characteristic frequencies 
(1300-4000 cm!) in the. spectra of tarry residues from different crudes. Bands 
at about 3400, 2900, 1700, 1610, 1500, 1460 and 1380 cm-! are characteristic of 
almost all the tars. The most intense bands are the ones at 2900, 1460 and 
1380 cm-! (valence and distortional vibrations of the C—H groups). The high 
intensity of the 1460 and 1380 cm~! bands indicates an appreciable content of 
CHy and CH, groups; very intense bands at 1610 and 1500 cm! are evidence of the 
presence of benzene rings in large numbers. The presence of C=0 groups was es— 
tablished in all tar fractions, however the intensity of the 1700 em~! band 
associated with this group, varied in the spectra of different samples and dif- 
ferent adsorption-separated tar fractions. The broad bands at 3200-3400 cm™ 
observed in the tar spectra may be attributed to 0—H or N—H groups, forming 
hydrogen bonds. Tars from different crudes exhibit qualitatively similar spectra, 
differing mainly as regards the intensity of iudividual lines. 

4. Our experiments indicated that group structural analysis with the aid 
of infrared absorption spectra can be successfully used for the investigation 
of petroleum products in a wide range of molecular weights. It has greater 
potentialities than quantitative analysis of simple mixtures of hydrocarbons, 
such as narrow fractions of benzenes, allylates and similar compounds. 
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A LOW-—PRESSURE MERCURY TUBE AND ITS USE IN STUDYING RAMAN SPECTRA 
- M.L.Sosinski 


We have succeeded in making further improvements in the low-pressure 
mercury tube with narrow lines and a weak continuous backeround, described in 
Ref. 1. Specifically we eliminated the rapid darkening of the tube walls from 
which the early version suffered, enhanced the stability of the emission and 


developed a tube design suitable for use in studying Raman spectra. Of the 


‘ = a . <i 
ye en 


- 390 - 


domestic (Soviet) types of glass, the best as_regards technological and thermo- 
electrical properties proved to be "pirelcs" [Pyrex]. As a result of our develop- 
ment work, we now have a stable tube capable of prolonged operation. 


The accompanying figure shows two 
versions of the tube, I with cooling of 
the liquid electrodes and the entire 
length of the discharge, and II with 
cooling of the electrodes and the rezion 
of the discharge adjacent to them. We 
investigated the variation of the in- 
tensity and breadth of the lines in the 
visible region of the spectrum with the 
current strength, the pressure of an 
extraneous gas (helium) in the tube and 
the temperature of the cooling water. 


Low-pressure mercury tube: I ~ with The intensity of the emission of tube II 
cooling of the liquid electrodes and proved to be independent of the cooling 
of the entire length of the discharge; unit temperature. The intensity of the 
II - with cooling of the electrodes background of both tube versions is of 

and the region in their vicinity. the same order. ‘The half-breadth of the 


4358 A line changes from 0.014 to 0.021 A 


| in the case of tube I and from 0.023 to 
0.025 A in the case of tube II when the current is varied between 5 and 15 amps. 


We also developed a simple and dependable circuit for operating the tube. Tube 
II is fully adequate for Raman spectroscopy; tube I gives narrower lines. 

We also constructed helical tubes: a tube with two turns which cuts down the 
exposure time by a factor of 2.5 and operates from a 120 volt source and a tube 
with three turns which requires a 220 volt supply. 

The new tubes permit extending the range of applications of Raman spectro- 
scopy. Purity checks on a number of hydrocarbon standards showed that the ad-— 
mixture of halide derivatives in them does not exceed 0.5%. The new tube was 
used in investigating the concentration-dependence of the intensity and shift 
of the lines of 1,2-dichlorethane in various solvents at concentrations ranging 
down to 1/5 to 1/8th of those previously studied?, It was also established that 
the spectra of 1,2-dichlorethane in different neutral solvents are identical. 
se ppdabeaess of zero concentrations and comparison with the data of Mizushima 
et al and Mazumder* showed that when 1,2-dichlorethane is mixed with a neutral 
solvent the spectrum of dilute solutions approaches that of the vapor (see table). 


Ratio of line intensities and frequency shifts of 1, 2-dichlorethane 
in dilute solutions and in vapor form 


Mazumder 150°C | Mizushima 170° 


1753/1653 7 5 
Y3019 cm-l +1 
Y 653» em! +12 
V753» cm-l +13 
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SOME GENERALIZATIONS OF THE "MEPALLIC" MODEL IN THE THEORY OF COMPLEX MOLECULES 


- M.G.Veselov and T.N.Rekasheva 


In the present paper we propose certain elaborations of the "metallic" 


model of molecules with conjugate bonds: 


1) for systems having incompletely 


equalized faligned?/] simple and double bonds and 2) for taking account of the 


inductive effect in conjugate systems. 


In both cases we consider a one-dimensional potential box with infinitely 
high walls and a length equal to the length of the molecule. 


Table I 


Comparison of the calculated frequency and strength of the oscillators of buta— 
diene and hexatriene and thiophene molecules with experimental data 


Molecule 


Frequency, om7) 


Oscillator strength 


experiment. 
0253 


0. 62=0. 70 
0.084 


We take account of the incomplete equalization of the simple and double 
bonds in conjugate systems by introducing barriers into the potential box at 


locations corresponding to the simple bonds. 


Using this elaboration we calcu- 


lated the frequencies and strengths of the oscillators corresponding to the 
principal absorption transition of butadiene, hexatriene and thiophene molecules. 
The height V,) of the barrier corresponding to the simple carbon bond was selected 
so as to make the computed frequency of the long-wave absorption band of buta-— 


diene approximately equal to the experimental frequency. 


Table 2 


Results of calculation of the dipole 
moments of vinyl chloride, bromide and 
iodide and acrolein mo'ecules compared 


with experimental data 


Dipole moment 


Molecule 


Coil 

CoHsBr 0.58 
CoHsI 0.50 
C3H40 1.19 


The same value was then 
used for the barriers corresponding to 
the simple carbon bonds in the two other 
molecules. The results are shown in 
Table l. 

The inductive effect of the electro-— 
negative atom in conjugate systems was 
taken into account by introducing a "pit" 
into the potential box at the point co- 
rresponding to this atom. The pit 
depth V, was taken equal to approximate— 
ly half the electronegativity of the 
substituent atom, replacing the carbon 
atom. Proceeding in this manner we 
calculated the states of the 7T-electrons 
in the molecules of vinyl chloride, 
vinyl bromide, vinyl iodide, acrolein 
and chlorobenzene. The computed values 


for the principal electronic transitions are in good agreement with experiment. 
The dipole moments of the conjugate bond systems were also calculated for these 


molecules. 


We assumed uniform distribution of the positive charge over the en- 


tire length of the molecule in each case and took into account the uncompensated 


dipole moment of the CH linkages. 


Physics Institute of 
Leningrad State University 


The results are summarized in Table 2. 
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THE SHAPE AND TEMPERATURE-DEPENDENCE OF IMPURITY-ACTIVArED LUMINESCENCE AND 
ABSORPTION BANDS OF SOLID AND LYQUID DIELECTRICS AND SEMICONDUCTORS 
- S.1.Pekar 


Our theory of the shape of bands has been set forth in Refs. 1, 2, 4 and 5. 
It was developed without reference to a specific impurity-center model and with- 
out explicit expression of the electron part of the wave function of the system, 
Hence the results obtained are wholly general and applicable to centers of any 
type, to crystals of any structure and to liquid solutions. 

In the case of phototransitions with a high thermal emission4 the half-— 
width to of the band at any arbitrary temperature and in the absence of dis- 
persion of the normal atomic vibration frequencies is given by 


Sa — — il 
do = 2 V2 V odo (7% +5 ); y= Rok? (1) 
a e 0 aes 
where © is the vibration frequency of the atoms and,Awis the Stokes shift. 


With arbitrary dispersion of the atomic vibration frequencies, but at high 


temperatures 
OW <= Ay oe In? 1 eee 
h rey 


Equations (1) and (2) contain no unknown parameters and agree well with 
experiment. The shape and temperature~dependence of absorption bands are charac 
terized by the general equations in Refs. 2 and 4. The mean thermal emission 
incident to a phototransition is /iAw/2. The expression relating the energies 
of optical transitions and the thermal excitation energy of the corresponding 
Wjo transition is 


W,.= n{o ere =< “S) = noon A. >). (3) 


In the case of low heat evolution when the electronic transition interacts 
primarily with one branch of the normal vibrations and the spectrum has the form 
of a "progression" of uniformly spaced bands, the dependence of the integral in-—- 
tensity of an absorption band on its ordinal number q in the "progression" is 
given by 


[SGyI% 1950} 


T (q) = const a aed se yes 


? 


yee an 


Comparisons of the results of our theory with numerous experimental results 
in the case of high values of heat evolution have appeared in Refs. 2 (Sections 
5 & 7) and 7 (Chapter VI). ‘The calculated luminescence and absorption band 
shapes, the half-width and its temperature dependence, the relation between the 
half-width and the Stokes shift (1) & (2) and the relationship between the 
phototransition energy and the thermal excitation energy (3) have proved to 
be in good quantitative agreement with experiment. In addition to the earlier 
published data we might cite the verification of the validity of equation (1) 
in the case of M-centers in LiF crystals carried out by Krivoglaz. According 
to experimental data® &9, the luminescence peak lies at 1.74 ev, while the cor- 
responding half-width is 0.43 ev. The maximum of the absorption spectrum occurs 
at 2.69 ev and the half-width of the peak is 0.42 ev. Hence the Stokes shift 
hin = 0.95 ev. If for the mean effective frequency , in equation (1) we take 
the end-point frequency of the optical vibrations of ions, equal to 0.082 ev, 
the calculated half-width /iAw proves to be 0,46 ev, which is in good agreement 
with the experimental value. Krivoglaz also obtained excellent quantitative 
agreement of theory with experiment for the shape and temperature—dependence 


of the luminescence bends of Zn,Si0, with Mn,Si0, as the activating impurity!9, 
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Good agreement with theory was also reported by 
Grechushnikov who investigated experimentally the 
shape and temperature of the absorption band of 
ruby with an admixture of chromium, 

Of particular interest is investigation of the 
absorption band of ammine solutions which, as has 
now been firmly established, is due to the absorp 
tion of light by polarons. Here, too, the theory 
has proved to be in full quantitative agreement 
with experiment. A special report on this subject 
will be presented by M.F.Deigen (see below). 

The electron-vibration progression of impurity— 
activated absorption bands observed for a CaS 
crystal!? indicates that here we are dealing with low thermal evolution. The . 
variation of the integral intensity of the bands with their ordinal numbers is 
satisfactorily described by equation (4), as may be seen from the accompanying 
tablel9, The computed area of the first two bands has been made to fit the ex— 
perimental data by appropriate selection of the theoretical parameters: 
const = 100 and o'= 0.88. Verification of the theory is provided by the close 
agreement of the areas for the remaining three bands. 


Band area 
Bahd ho arbit.units 


(q) 


SwnNwreoeo 
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LUMINESCENCE OF MOLECULAR CRYSTALS CONTAINING IMPURITY MOLECULES 
M.D.Borisov & A.C.Davydov 


We investigated naphthalene crystals containing various concentrations of 
anthracene, grown from melted naphthalene and anthracene. The anthracene con- 
centration in the crystals was determined according to the absorption spectrum 
of anthracene, for which purpose control crystals were dissolved in alcohol. 

We determined whether the anthracene had entered the naphthalene lattice in 


- 394 - 


the form of individual molecules or of crystal formations from photographs of 
the luminescence spectra. Only the crystals into which the anthracene had been 
incorporated in the form of individual molecules were subjected to further studies. 

The sphere method was used to measure the absolute luminescent energy yield 
of the anthracene impurity activated naphthalene crystals. In this method the 
investigated crystal and alternately a screen coated with a layer of MgO are 
mounted in the center of the sphere, the inside walls of which are covered with 
a layer of MgO. The exciting light (A = 2950 A) is beamed on the crystal (or 
screen) through an opening in the sphere. In the first case a light flux of 
energy Ej; - or in the second case, a light flux of energy E, - emerges from a 
second aperture in the sphere. In both cases the emergent flux was measured by 
means of a CdS crystal connected to a linear amplifier. 

After introduction of the appropriate corrections, we obtained the energy 
yields of both pure crystals as well as crystals containing impurities. In the 
latter case, of course, the emergent flux [I] consisted of the total light emitted 
by the naphthalene and by the anthracene (fj = Ejn+E] 4) « 

Knowing the total flux E, one can readily determine the values of E), and 
Ejq by means of the following equations: 


E] - 0-09 Eg (£, - 0.09 Eg) 
= SO ond El o's 
1+y7 1+7 


where 0.09 is the value of the coefficient of reflection of 2950 A light from the 
naphthalene crystal and ri = E\a/Ein- The value of JY is found by supplementary 
measurements. 

Two types of excitations may be produced in a molecular crystal by incident 
electromagnetic radiation (photons)!; a) excitations which spread rapidly through 
the crystal in the form of excitation waves (excitons) and b) "localized excita— 
tions" which are propagated very slowly through the crystal. 

In moving through the crystal the exciton can transfer its energy to the 
lattice vibrations. The annihilation of excitons in connection with luminescence 
competes with this energy transfer process, If we denote the probability of the 
two competing processes through P,, and Pig, (grobable number of events of each 
kind per sec), the luminescence yield due to excitons will be given by 


kPle 


(1) 


W1iK = 
Pie + Pte 


where k is a factor indicating what fraction of the absorbed quanta produce ex- 
citon excitations. 
Analogously the quantum yield due to "localized excitations" will be given 
b 
Wok = ————— (2) 
Pur + Fea | 


where Pj) and P are the respective probabilities of dissipation of the "local- 
ized BEEi tation energy through emission and of transfer of the excitation energy 
to vibrations of the lattice. The total quantum yield of a pure crystal will, 
therefore, be equal to the sum of equations (1) and (2). 

If, however, the crystal contains impurity molecules, the exciton produced 
in the host substance as a result of absorption may, in its passage through the 
crystal, transfer its energy to an impurity molecule which may then in turn emit 


the absorbed energy. It can be shown that in this case the quantum yield of the 
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' main component of the crystal (the host substance) 
containing the impurities will be 


Wik (1 -k) Py 
Pic Pil + Phy 
a 
PietPte 


where C is the concentration of the impurity (i.e., 
ratio of the number of impurity molecules to the 
Variation of the luminescence number of host molecules per unit volume. The 
yield of naphthalene (1) and quantum yield of the impurity will be 

anthracene (2) with the con- 

centration of anthracene, 


Curves computed according to Pi} Cc 

(3) and (4); the points are Lt) ee rr hag omer ee 

experimental values. le+Pte Pic 
PietPte 


Wy(C) and Wxi(C) computed according to equations (3) and (4) are in good 
agreement with the experimental values, if the following values are assumed for 
the variables in these equations: 

Wik = 9280; Wo, = 0.08; Pi/(Pie + Pte) = 6.70109; 1Pj,/(Pyo + Pye) = 3.4°103, 


Curves computed by means of these equations are reproduced in the accompany— 
ing figure, where the experimental values of Wx(C) and Wy; (C) are indicated by 
points. 
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THE PROPERTIES OF LOCAL ELECTRONIC CENTERS IN SOLID AND LIQUID IONIC DIELECTRICS 
~ M.F.Deigen 


The theory of light absorption by polarons as well as. by two types of color 
centers -— F- and F‘-centers — was developed in Refs. 1 through 6; many deductions 
based on this theory are in agreement with experiment, 

However, the theory has not until recently been verified for the case of the 
polaron absorption band, the parameters of which have been calculated by the 
author in Ref. 7. 

1. In addition to the above-mentioned local electronic centers, we have ex- 
amined, in Ref. 8, the case of a quantum mechanical system consisting of two 
strongly interacting color centers in close proximity, i.e., of a so-called 
double color center or Fo-center, 


ae LOO see 


We computed the parameters of the ground and excited states and the thermal 
dissociation energy of an Po-center, the frequency of the peak of the Fo- 
absorption band as well as the half-width of this band. Comparison of the 
results of these calculations with experimental data led us to conclude (Ref. 

9) that as regards its characteristics the F,-absorption hand is similar to 
the absorption band located to the "red" side of the K-band, i.@., to the so— 
called R-absorption band, 

This conclusion has recently been confirmed by the results of measurements 
of the magnetic susceptibility in the course of investigations of the para- 
magnetic resonance of color centers in alkali halide crystals (Ref. 10) as well 
as by the results obtained by Shatalov (Ref. 11). 

2. Davydov (Ref. 12) was the first to suggest that the polaron theory might 
be extended to the interesting group of liquid ionic dielectrics, constituted by 
ammine /"met al-ammoniacal"/ solutions. ; 

We have shown (Ref. 13) that in ammine solutions, in addition to polarons, 
there must exist F—- and Fo-centers and have explored the possibility of extending 
_ the theory of local electron states to this class of liquid dielectrics. In Ref. 
13 we determined the equilibrium concentrations of polarons, F— and Fo-centers 
as a function of the concentration of the dissolved metal and the temperature, 

It turned out that in dilute solutions, such as those with which the light ab- 
sorption measurements were made, the electrons are mainly in the polaron state. 

In view of the fact that the oscillators associated with the optical trans- 
itions of an electron in a polaron and in an F-center differ little as regards 
strength, it may be assumed that the above-mentioned absorption band is due to 
polaron absorption. 

Thus the direct polaron absorption of light has been demonstrated for the 
first time. 

_ At higher concentrations of the dissolved metal light absorption by the F- 
and Fo- centers becomes appreciable. Calculations indicated that the maximum 
of F-band absorption in ammine solutions should occur at 0.83 ev. 

The absorption band predicted by theory has recently been observed experi- 
mentally (the peak was recorded at 0.80 ev; Ref. 14); the temperature dependence 
of the band's intensity is also in close agreement with the piceac tions of theory. 

At sufficiently high concentrations (on the order of 10 1 em73) the radius 
of the electron state in the F-center rp 2.5 K, while the mean separation be- 
tween centers ry = 1077 cm. In view of this the solution becomes a quasi-metal 
with a metallic conductivity and a characteristic metallic color, 

3. In addition to explaining the optical properties and color characteristics 
of ammine solutions, the theory of local electron states provides a consistent 
explanation of the magnetic properties of these solutions as well as of the anom 
aly in the concentration-dependence of their conductivity. 

It has been established that highly dilute ammine solutions are paramagnetic 
(Ref. 15). As the concentration of the dissolved metal is increased the para- 
magnetism decreases; at a metal atom concentration of about 1029 em-3 and a suf- 
ficiently low temperature ( — 75°C) the coefficient of magnetic susceptibility 
changes sign. 

At still higher concentrations the solution again becomes’ paramagnetic. 

This singular variation of the magnetic susceptibility coefficient with the 

metal concentration may he explained as follows, At low concentrations, polarons 
- predominate in the solution and the solution owes it paramagnetic properties to 
these quasi—atomic formations. With increasing concentration the number of Fo- 
centers, which are quasi~molecular formations, grows and consequently the para 
magnetism of the solution diminishes, At concentrations on the order of 1020 ¢m—3 
an overwhelming majority of the electrons is in the Fo-centers, which leads to 
diamagnetism of the solution. Finally, at still higher concentrations the solu- 


tion turns into a quasi-metal with the paramagnetism characteristic of a "free" 


electron gas. 
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The results following from our theory are in good quantitative agreement 
with experiment (Ref. 13)... The constancy of the equivalent electrical conduc— 
tivity at low concentrations, its decrease at medium concentrations and subse— 
quent increase at high concentrations (Ref, 17) can readily be explained within 
the framework of our theory. ‘The expression for the dependence of the number of 
current carriers (polarons) on the temperature and the number of metal atoms, 
derived in Ref. 13, permits determining the temperature coefficient of the con 
ductivity (Ref. 7); the value so determined proves to be in close agreement 
with the experimental one oy ce Na = 1.7-10-2; Gexp *1.5°107°), The value of 
the thermal dissociation energy of an Fo-center calculated on the basis of 


theory also proved to be in agreement with experiment: Itheo = 0.195 ev (Ref. 
13); Toxp * 0.2 ev (Refs. 15 & 16). 
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THE INFLUENCE OF SOLVENTS ON THE ABSORPTION AND LUMINESCENCE SPECTRA OF MOLECULES 
- A F.Lubchenko 


With a view to elucidating the effect of the medium on molecular absorption 
and luminescence spectra we undertook to extend certain concepts of quantum 
electrodynamics for a vacuum to anisotropic media. The electromagnetic field 
in the dielectric, in this case, is described by a wave function in requantized 
form; the wave function for the system molecule + solvent + radiation field (in 
the absence of interaction of the field with the impurity molecule) is evaluated 
in the adiabatic approximation. ! 

The probability of transition of the system from one quantum state to another 
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during the unit time interval with emission (or absorption) of a quantum of 
light of a given frequency in the direction dQ is computed by means of the fol- 
lowing equation: - 


2 
wdQ = =p, | ll ? dQ, 


where ?,-¢E is the energy of the end states in the energy interval E to E + dE 
and .|H'/? is the square of the matrix element of the energy of interaction between 
the field and the impurity molecules. The derived equations permit writing ex-— 
pressions for the ratio of the radiation energy components whose electric vec~ 
tors are directed along the axes of Cauchy's ellipsoid2: 
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where "xi (Yp1) are the components of the index of refraction tensor, for the fre- 
quency vp; » along the axis 0Xj (i = 1, 2, 3), and cosa, cos @ and cos 7 are the 
directional cosines of the average orientation of the dipole moment associated 
with the transition, 

When the orientations of the impurity molecules are purely random ( probabil- 
ity of orientation in any given direction equal to that in any other direction), 
the cosines in (1) cancel out and only constants, dependent on the solvent and 
susceptible of experimental verification, remain in the right hand members of 
the proportions (1). 

Analogous expressions are obtained for the energy absorbed per unit time: 
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From (1) and (2), we find 
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(3) 


The relationships of (3) remain valid for any orientation of the impurity 
molecules and for any solvent. 

For determining the shape of the absorption and luminescence bands we used 
the method of Weisskopt and Wigner; the integral equation for the band shape 
obtained by this method differs from that derived earlier by Davydov4 only in 
that in it account is taken of the dependence of the crystal and local® vibration 
frequencies on the electronic state of the impurity center and that local vibra- 
tions are explicitly separated from the crystal oscillations, It appears im-— 
possible to integrate this equation in the general case. However, the expres— 
sions obtained for the limiting cases permit drawing the following conclusions: 

In the case of strong coupling between the electronic excitation and the 
vibrations of the lattice*, the emission and absorption bands exhibit the shape 
of the emission curve of a free molecule when the Doppler effect is taken into 
account. At high temperatures the band shape approaches a purely Gaussian curve, 
As the temperature is reduced, the band shape becomes somewhat asymmetric rela- 
tive to the normal to the frequency axis, passing through the peak. 

The temperature dependence of the half-widths of the bands is described by 


AQ; = Ci 


(4) 


where cj is a quantity independent of the temperature (different for absorption 
and emission). This expression is similar in form to the expressions deduced 
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earlier by Davydov+ and Pekar®; however (4) differs from the latter expressions 
in that in it the frequency ©, of the crystal vibrations is dependent on the 
electronic state /; of the impurity; hence the half-widths of the bands and their 
temperature dependence in general are different for absorption and emission, 

In consequence of the dependence of the crystal and local vibrations on the 
electronic state of the impurity, the mirror symmetry of the absorption and e- 
mission spectra is distorted to some extent. 

On the other hand, when the interaction between the vibrations of the lattice 
and the electronic excitation is weak, the absorption and emission spectra con— 
sist of a system of lines similar to those of atomic spectra, with the half- 
width of each line being equal to 2[°. When there is interaction between the 
electronic excitation and the acoustic vibrations as well, the lines broaden and, 
at high temperatures, overlap. Both in the case of strong and in the case of 
weak interaction between the electronic excitation and the vibrations of the lat- 
tice, the location of the band maxima is dependent on the temperature. 

Our calculations indicate that the intra-molecular vibrations whose fre- 
quencies fall into the allowed vibration intervals of the solvent do not show up 
in the spectrum in the form of separate electron-vibration bands. 

It can also be readily shown that when the transition is accompanied by a 
change in the number of local vibrations, the absorption and luminescence spectra 
in some cases will consist of a system of wide bands, formed by the superposition 
of a number of individual bell-shaped lines having a half-width (4). As the 
temperature is reduced there will occur a redistribution of the spectral energy: 
in the case of absorption the intensity peak will be shifted to the violet side; 
in the case of emission, it will be displaced to the red side. 

The mathematical treatment developed can be utilized to compute the value 
of [ , the reciprocal of the mean life of the impurity molecule in the excited 
state. The temperature dependence of [ in the case of strong coupling between 
the electronic excitation and the vibrations of the lattice is characterized by 
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where c, and cg are quantities independent of T. The functional variation of 
1(T) =1/f as defined by the above equation (5) is in agreement with the ex- 
perimental data given by Galanin, Gavioli and Rau. 

In the case of weak interaction of the electronic excitation with the vi- 
brations of the lattice, the functional dependence of TIT on the temperature may 


be written as 
ih = Cae & (Tf), 


, = 
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s 


hol? 
8 


where +4 ‘ 
3 
a aren 1 


here Cy and c, are temperature independent quantities. This form of the tempera- 
ture dependence of [° is observed in the case of solutions of anthracene and 
naphthalene’, 

In conclusion the writer wishes to thank A.S.Davydov for suggesting the 
subject of the investigation and his guidance in carrying it out. 
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THE VIBRATIONAL SPECTRUM OF THE VINYL GROUP AND ITS QUANTITATIVE DETERMINATION 
IN COMPLEX HYDROCARBON MIXTURES 


- A.V. Iogansen 


We investigated the infrared absorption spectra of l-alkenes from Cs to Cj3, 
as well as Cjg. Utilizing methods of taking into account the resolving power of 
the monochromator developed earlier!, we determined the intensities, shape and 
width of the 909 and 993 cm! bands of these hydrocarbons and evaluated, on the 
basis of published data2, the characteristics of the analogous bands of liquid 
l-butene and 1, 3-butadiene. The 909 cm=! band characteristic of the-Ch==Cho 
group was studied in detail. The position of the band maximum remains constant 
for the l-alkene series and for 1, 3-butadiene. The value of the integral molar 
absorption / = molecular extinction/ coefficient (€=f& (v) dy) remains virtually 
constant in the l-alkene series at 2.00°109 liter mol~! cm! and is but little 
different for 1, 3-butadiene (2.1+10%), 


is 2a | The band width varies in an orderly fashion 
— from 19 cm-! for 1-butene to 7.8 cm™! for 
st | 1-hexadecene (the width is 30 em@! for 
ary 0 1, 3-butadiene). The absorption coef- 
ne ficient at the peak (€,,,) shows a cor- 
ao responding variation — from 72 to 160 
a De liter mol-1 cm-! (45 liter mol-! cm-! for 
Setar Ye 1, 3-butadiene)., All investigated bands 
eae ° / | | have a dispersional shape. 
a ae So When dissolved in different solvents 
Pe we (n—hexane, n-hexadecane, benzene, carbon 
ah a) pez | tetrachloride and bromoform) the charac 
sdallt «lat a teristic bands of the hydrocarbons change: 
i eid IU0 HD 520 he the frequency by 0.4%; € by £15% and the 
Frequency, om} band width by a factor of 2-3. The shape 
of the bands remains dispersional (minor 
Shape of 909 em~! absorption band of deviations are observed in the case of 


l-tridecene: 1) the undissolved hydro- bromoform solutions — see accompanying 
carbon: 2 — 4) C eee. sol- figure). Both the shape and width of the 
utions: 2) in bromoform, 3) in n-hex- bands is determined by intermolecular 

ane, 4)in benzene. Curves 1 and 4 have interaction; unsaturated structures (CoC, 
been raised 50 units, i.e., 50 = 0 on 
the coef. scale, The points are meas-— 
ured values; curves are the "observed" stronger disturbing influence than paraf- 
shapes calculated for the experimental fin structures (CHo and CHg). This ex- 
conditions on the assumption that the plains the regular, orderly variation in 
true shape is dispersional, band width in the homologous series and 


Carle-Can0y2 Lip») have an appreciably 
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its great increase in the case of 1, 3-butadiene. The virtual equality of the 
values of & for the l-alkenes and 1, 3-butadiene indicates that the dipole mo- 
ments of the ==C—lI bonds are neorly equal in the two cases. 

The data obtained can be utilized, by means of the developed procedurel, for 
quantitative analysis without the need for preliminary "calibration" of the in- 
strument with reference to standards. A valuable application may be determina— 
tion of the total —CH==CHo group content. <A practical method of such analysis 
(according to the value of the integral absorption) has been developed for petro- 
leum products ranging from gasolines to lubricating oils; the accuracy of the 
developed method attains 5%; the sensitivity, 0.05%. 

The developed method can be extended to other products, particularly to 
high-molecular compounds ( synthetic rubbers, etc.) where preparation of suitable 
standards is difficult. 

We also evaluated the intensity and width of two other characteristic bands 
(993 em~! and 1642 cm7!) of the above named hydrocarbons. 
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INTERMOLECULAR BONDS OF THE (0H)--.(0H) AND (OH)***(OCR) TYPE IN 
OXYGEN-CONTAINING SUBST ANCES 
~- V.M.Chulanovski & Kim Den Dok 


The hydrogen bond in oxygen-containing substances is commonly represented 
by the general formula O0-H---0, in which no distinction is made between the case 
where both the joined substances contain a hydroxyl group and the case where one 
of the coupled molecules has only an oxygen atom. 

The interpretation of the absorption spectra of pure and mixed substances 
containing associated OH groups or an OH and say an OC group is also commonly 
based on the assumption that both types of H-bonds are approximately equivalent. 

One of the present authors has shown in an earlier article* that this treat- 
ment leads to obvious inconsistencies. 

The present investigation was devoted to determining the influence of the 
intermo}ecular bond in pure acetone and acetone solutions on the position and 
shape of the band associated with the C==0 group of acetone as well as of the 
band associated with the C—0O group of methyl alcohol, We assumed that the shift 
of the absorption band associated with a given group under the influence of an 
external field (for example, neighboring molecules) may be taken as a measure of 
the magnitude of this influence, i.e., of the extent to which the external field 
(factor) affects the investigated group. ‘This shift in this case is to the side 
of lower frequencies. 

On the other hand, if the intermolecular bond is formed with a neighboring 
group rather than with the investigated group, the distortion of the electronic 
shell caused by it may lead to strengthening of the linkage in the investigated 
group, i.e., to displacement of the characteristic spectrum band to the side of 
higher values of vy . 

Yhe first effect occurs in the case of the active C==0 group. When acetone 
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is dissolved in CCl4 the band at 1713.5 em7! observed in the spectrum of pure 
liquid acetone is shifted to 1716.5 cm71, When the acetone is dissolved in 
hexane the shift is even greater (to 1722.6 em~!), From this it may be con- 
cluded that intermolecular bonding is fairly strong in pure acetone. 

When acetone is dissolved in methyl alcohol the band is displaced to 1707.2 
em-l,; in chloroform — to 1709.8 cm-!, In both cases the shifts of the band rela- 
tive to its position with the acetone in a neutral solvent (hexane) - correspond— 
ing roughly to the case of the absence of intermolecular interaction — are nearly 
equal in magnitude, although, according to conmonly accepted concepts, a hydrogen 
bond is present in the first case and absent in the second. 

From this we conclude that although the intermolecular bond does become 
stronger when acetone is dissolved in hydroxyl-containing substances, it does not 
reach the exceptionally high strength which normally distinguishes the hydrogen 
bond from other types of bonds. : 

In pure methyl alcohol the formation of a hydrogen bridge should weaken the 
OH bond (as is evinced by the spectrum of this group) and strengthen the CO bond. 
Actually, two bands appear in the vicinity of 10 in the spectrum of pure methyl 
alcohol: a stronger one at 1030 cm-l, which shifts different distances in dif- 
ferent solvents, and a weaker band at 1118 cm~! which fades out in solutions and 
in the vapor spectrum. We ascribe the first band to alcohol molecules not joined 
by a hydrogen bridge and the second band to associated molecules. 

When methyl alcohol is dissolved in CCly the frequency of the monomeric band 
is reduced to 1024 cm! (i.e., the shift is in the opposite direction to that for 
acetone). When methyl alcohol is dissolved in acetone, the frequency increases 
to 1035.5 cm7! (i.e., the band shifts in the same direction as the band of the 
associated molecules relative to the monomeric band). Hence the formation of a 
hydrogen bridge between the alcohol molecules displaces the band by 88 cm-! while 
solution of the alcohol in acetone results in a shift of only 5.5 chr 5 1s een) ae 
a shift one order lower in magnitude. 

It may be concluded, therefore, that an (OH***(OCR) type bond is much weaker 
than an (OU) +++ (Oil) bond and that all hydrogen bond schemes based on the assump— 
tion that the two types of bonds are about equally strong must be characterized 
as doubtful. 
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THE HYDROGEN BOND AND Tile STRUCTURE OF AROMATIC COMPOUNDS 
- V.V.Perekalin 


The intramolecular hydrogen bond, forming an additional ring, i.e., a hydro- 
gen ring, exerts an appreciable effect on the electron density distribution in 
aromatic compounds, as is evinced by their absorption spectra and their chemical 
behavior. 

In ortho-oxyazo dyes, the hydrogen bond by furthering coupling alters the 
electronic structure of the molecule in such a manner that the excitation energy 
is reduced and the long-wave band in the electronic absorption spectrum (as com 
pared with the absorption of the para—isomers) is displaced into the visible 
region!~4 (see accompanying table). 

The lability of the hydrogen atoms of the hydroxyl group in ortho— and para- 
oxyuzo dyes is reducedadpe to the formation of additional linkages with the nitro- 


gen of the azo group The positions of the long-wave bands in the absorp-~ 
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tion spectra of ortho- and para-oxyazo dyes (I, II and III) were found to remain 
unchanged as the pH of the medium was increased; the hydroxyl groups of the dyes 
did not react with caustic soda. 


shift of the long-wave absorption band in oxyazo dyes under the influence 


of the hydrogen bond 


A, mp 
Dye 

Ethyl Na0H+ethyl 

alcohol alcohol 
I 2-Benzeneazo~l-naphthol 490 490 
II | 8-Benzeneazo-1l-naphthol 460 460 
ITI 1-Benzeneazo-2, 8-aminonaphthol 500 500 
IV | 2—Benzeneazo-l-—methoxynaphthol 380 a 
V | 4—Benzeneazo—l=-naphthol 470 490 
VI 5-Benzeneazo—2, 8-aminonaphthol 505 520 


In a number of other, similar cases the intramolecular hydrogen bond acts 
to stabilize the hydrogen atom>, While the presence of intramolecular hydrogen 
bonds does not entirely prevent chemical reactions involving the hydrogen aton, 
it does render such reactions slow or difficult due to the necessity of over-— 
coming the blocking influence of the hydrogen bonds. 

The hydrogen ring hinders coupling of substitute groups with the aromatic 
kernel; where such coupling occurs, the activating or stabilizing influence of 
such groups on the benzene nucleus is reduced and the equilibrium of the ring 
forces is disturbed. The aromatic kernel imparts a greater degree of stability 
to the molecule than the ring comprising the H-bond. Hence the presence of an 
intramolecular hydrogen bond produces only a partial disturbance of the normal 
alignment of the benzene ring bonds. An indicative example is furnished by the 
chemical behavior of a number of ortho— and para-oxyazo dyes of the napthalene 
seriesd?4 & é and oxy-derivatives of acetophenone’, The monoazo dyes form diazo 
dyes only with great difficulty, while acetophenone derivatives do not react at 
all with ethyl acetoacetate. 

In some cases, although structural considerations may admit of the formation 
of an H-bond, the actual bond if formed is very weak. For example, in 2—benzene— 
azo-l-naphthol-—4—sulfonic acid® the H-bond tends to stabilize the hydrogen atom 
while the coupling of the hydroxyl with the electronegative substituent group 
tends to increase its lability; in this case the effect of the coupling is pre- 
dominant, so that the hydrogen atom of the hydroxyl group in the azo dye is as 
labile as in l—naphthol—4—sulfonic acid. 

The matter of the association of the hydrogen atom is very important, i.e., 
whether it retains its covalent bond with the parent group (for example, with the 
hydroxyl group in ortho-oxyazo dyes) or whether the character of the bond is al- 
tered. In the case of an intramolecular hydrogen bond, equalization of the hydro-— 
gen and covalent bonds occurs: it is less pronounced when the hydrogen joins 
atoms differing in their affinity for electrons (in l-benzeneazo-2-naphthol, for 
example) and more complete in the case of identical atoms (in naphthazarine). 

The exact mechanism of the formation of intramolecular hydrogen bonds is not 
clear. Thus 2—benzeneazo-l=naphthol may be prepared in two ways: azo-coupling 
with l-naphthol or the condensation of 1,2-naphthoquinone with phenylhydrazine, 
In one of these syntheses the covalent bond is transformed into a hydrogen bond. 

The ability of many substances to form internal complex lake salts may hinge 
on a qualitative reaction involving the formation of intramolecular hydrogen 
bonds. However, the inverse does not necessarily hold: not every compound having 
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an H-bond can form lakes. 
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THE HYDROGEN BOND AND ITS EFFECT ON THE ENERGY DISTRIBUTION IN THE 
VIBRATIONAL AND ELECTRONIC SPECTRA OF MOLECULES 
= D.N.Shigorin 


We investigated the infrared absorption spectra of a number of amino-— and 
oxy-derivatives of va wea ee (see figure below) as well as of certain oxy- 
and amino—azo compounds!— . The bands of the valence vibrations of the %—hy- 
droxyl groups participating in the formation of intramolecular hydrogen bonds 
(in the crystalline as well as in the vapor state of the substance) are notice- 
ably shifted to the side of longer wavelengths (3000-3150 cm!) and greatly dif- 
fused. In the crystalline state of the investigated substance the intensity of 
the «-0H group bands is 10-12 times less than the intensity of the bands of the 

-OH groups; the @ 0-H bonds are more polar in character than the @ bonds. The 
half-width of the a-group (in the vapor state) is 5-6 times greater than the 
half-width of the @ -group band (also in the vapor state). The valence vibra— 
tion band associated with the NH group of indanthrone (3165 cm-l, wide) is greatly 
diffused and has one-tenth to one-twelfth the intensity of the NH group in l- 
methylamino-anthraquinone (3300 em7l, sharp). This difference in the behavior 
of the NH groups is explained by their different stereo-orientations relative to 
the plane of the molecules, In %~-oxy- and amino-derivatives of anthraquinone the 
absorption peaks in the electronic spectra and the fluorescence maxima are shifted 
to the side of long-waves as compared with their positions in the spectra of 6 - 
derivatives. Furthermore, %-derivatives do not exhibit fluorescence quenching 
by oxygen, whereas €@ -derivatives are subject to strong quenching*, We explain 
these differences in behavior by the fact that an intramolecular H-bond is present 
in the @ —-derivatives and not in the 8 -derivatives. The peculiar nature of this 
type of H-bond stems from the fact that the electron of the hydrogen atom (or in 
the case of intra-complex compounds, the electrons of the metal atom) enters 
directly into the interaction with the T-electron (or the 77-electrons, in the 
presence of a metal) and thus participates in extending the effects of this in- 
teraction through the entire system of conjugate bonds. In the case of such in=- 
teraction the electron cloud of the hydrogen atom undergoes a corresponding de- 
formation, resulting in a broadening of the potential well of the hydrogen atom 
participating in the formation of the H-bond, Intramolecular hydrogen bonds in- 
cluded in molecules with conjugate bonds and formed over comparatively short 


distances belong to this type of ll-bonds. 


Infrared absorption spectra of amino- and 
oxy-derivatives of anthraquinone. The curves 
have been shifted to avoid overlapping, but the 
vertical scale for all curves is the same. The 
figures at the left for curves 1 through ly in- 

adn ‘ dicate the percent transmission at the point of 
fi intersection of the given curve with the y-axis. 
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The substances characterized by curves 1, 4 and 7 
were prepared of 50 gm of the material + 0.6 gm of 
oil; those characterized by curves 2, 3 and 8-10 
consisted of 50 gm of the material + 1.2 gm oil. 

1) Indanthrone, d = 0.5 mm; 2) 1-to-2 molar 
mixture of indanthrone + 1-methylaminoanthraquinone}; 
d=0.25 mm; 3) 1l-methylaminoanthraquinone, d=0.25mm; 
4) anthraquinone, d = 0.5 mm; 5) 1, 5-dioxyanthra- 
quinone, d = 0.5 mm; 6) 1, 8-dioxyanthraquinone, 

d = 0.5 mm; 7) 1, 4-dioxyanthraquinone, d = 0.5 mn; 
8) 1l-to-3 molar mixture of 2-oxyanthraquinone + 
1, 5-dioxyanthraquinone, d = 0.25 mm; 1-to-3 molar 
mixture of 2-oxyanthraguinone + 1, 8-dioxyanthra- 
quinone; 10) 1-to-3 molar mixture of 2-oxyanthra- 
quinone + 1, 4-dioxyanthraquinone; 11) anthra- 
quinone vapor, t = 290°C, d = 180 mm; 12) 1, 4-di- 
oxvanthraquinone vapor, t = 260°C, d = 180 mm; 
13) 1, 5-dioxyanthraquinone vapor, t = 300°C, d = 
180 mm; 14) 1, 8-dioxyanthraquinone vapor, t=300°, 
d = 180 mm; 15) 1, 3, 4-trioxyanthraquinone 
(purpurin) vapor, t = 320°C, d = 180 mm; 
16) 1, 2-dioxyanthraquinone (alazarin) vapor, 

t= 290°C , d = 180 mm. 
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No great diffusion of the absorption bands or marked reduction of their in- 
tensity is observed in the case of intramolecular hydrogen bonds without T-elec- 
tron interaction. The presence of 7T-electron interaction in the investigated 
molecules and the participation in it of the hydrogen atom (or of the metal atoms 
in the case of intra-complex compounds) favors migration (transfer) of the ab- 
sorbed energy to the O-He++ and N-He+- (or 0-Me-** and N-Me-++) bonds inside the 
molecule, which should lead to shortening of the lifetime of the molecule in the 
excited vibrational state and, consequently, to diffusion of the band (CAE = h). 
The hydrogen (and metal) atoms in intramolecular bonds are comprised in the con- 
jugate system of bonds and in a sense may be said to form junctions which play 
an important part in determining the character of energy transfer in the molecule. 
Consequently all changes in the valence state of these atoms (under the influence 
of light, the solvent, other reagents, etc.) due to ‘yf-electron interaction will 
be reflected in the electron density distribution of the entire molecule. Hence 
substantial changes in the molecular system can occur without transition of the 
molecule from the singlet to the triplet state. These considerations should help 
explain the familiar peculiarities of the absorption and fluorescence spectra of 

chlorophyll and similar compounds. 


"L.1a.Karpov" Physico~Chemical Institute 
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INFRARED SPECTRA AND ASSOCIATION IN SOLUTIONS 
- E.N.Vasenko 


In studying the solubility in ternary systems it is desirable to have at 
least approximate data on the state of the molecules of the associated liquid 
in the presence of the third component — the homogenizing agent. To this end 
we obtained the infrared absorption spectra in the vicinity of 1700 and 3400 cm-l 
of pure water, formamide HCONH» (the associated components) and diethylformamide 
HCON(CoH5)9 (the homogenizer) as well as of 10% solutions of these liquids in 
acetone, In addition, we obtained the spectra of a solution of 2.5% water + 2.5% 
diethylformamide in acetone and of a solution of 5% formamide + 5% diethylforma— 
mide in acetone, 

Comparison of the spectrum of a highly dilute (0.01%) solution of formamide 
in CCl4, which we also observed, with the spectrum of pure liquid formamide con- 
firmed the evidence of Raman spectroscopy!-4 that formamide is highly associated 
by means of N-He--0 bonds and indicated that monomeric formamine molecules are ' 
present in the solution. Davies and Evans? reached the same conclusion on the. 
basis of spectroscopic observations in the region of the valence vibrations of 
the NHo group. 

In order to bring out more clearly the changes taking place during the mixing 
of formamide or water with diethylformamide in equimolecular proportions, spectra 
of superposed separate layers of water and diethylformamide and of formamide and 
diethylformamide were obtained and compared with the spectra of the corresponding 
equimolecular mixtures dissolved in acetone (see accompanying figure). 

We also recorded the spectra of two ternary solutions - 35.8% water + 30.9% 
CCl4 + 33.3% diethylformamide and 36.0% formamide + 
+ 35.4% CCl4 + 28.6% diethylformamide; these closely 
duplicate the spectra of the corresponding equi- 
molecular solutions as regards the position, shape 
and intensity of the absorption lines. 

The measurements were made on an IKS—-11 spectro- 
meter with a rock salt prism. All compositions 
given above are in molar percent. 

Analysis of the experimental results leads to 
the following deductions: 

1. The interaction between the molecules of 
diethylformamide and water apparently consists of 

ees : the formation of O-Hl***0=C type hydrogen bonds of 
fetal dott oe, 4 such great strength that they persist not only in 
carbon tetrachloride solutions (facilitating the 
1) Absorption spectrum of solution of appreciable amounts of water in the 
water and diethylformamide CC14) but also in acetone solutions, 
2) spectrum of an equimol- 2. The spectrum of the equimolecular solution 


ecular mixture of these, of diethylformamide ond water in the region of 
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deformational vibrations is characterized only by the band associated with the 
formation of hydrogen bonds between the C=0 groups of diethylformamide; neither 
the monomeric water molecule bands nor the band characteristic of associated 
water appear in the spectrum of this solution. It may be assumed that the com- 
plex systems of water in the liquid state have an effect on the deformational 
vibrations of water molecules differing from that of the systems formed by water 
molecules with the molecules of diethylformamide. 

3. Pure liquid formamide is strongly associated by N-ll*+*0 hydrogen bonds, 
which is evinced by the broadening and the marked shift - to the long wave side — 
of its NHo and C=0 bands. 

4. The interaction between formamide and diethylformamide consists of the 
formation of N-H++*e0 bonds, which persist not only in the ternary solution of 
formamide + diethylformamide + carbon tetrachloride but also to some extent in 
the formamide + diethylformamide + acetone solution. 

In conclusion I wish to thank G.S.Landsberg for his guidance and valuable 
advice and express my gratitude to V.M.Chulanovski for his help in carrying out 
the investigation and discussing the results. 


L'vov Polythechnical Institute 
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ON HYDROGEN BONDS IN SILICOLS 
- V.I.Kastochkin, M.F.Shostakovski, 
0.1.Zil'berbran & D.A.Kochkin 


The characteristic chemical properties of silicols RgSi0ll (R = an alkyl or 
aryl group) are determined in many respects by the peculiarities of the hydroxyl 
group in their structure. The unique behavior of the OH group in silicols is 
due to the intramolecular influence of the silicon atom in this group. Some of 
the properties of silicols apparently also depend on the association of their 
molecules, i.e., on the formation of hydrogen bonds. For the purpose of investi- 
gating the nature of the molecular association of silicols and the influence of 
the silicon atom on the OH group, we obtained and analyzed the infrared absorption 
spectra in the 2-4) interval of tert-butyl alcohol (CH3)gCOH and of five silicols: 
(CHg)3Si0H, (CHg)oCoHsSi0H, Clig(Cgls) :Si0H, (Colts) gSi0N and Celis(CoHs) oSi0H. In 
order to determine the effect of solvents on the molecular association we also 
studied the absorption spectra of various concentrations of the silicols and tert- 
butyl alcohol in carbon tetrachloride, cyclohexane and benzene. 

Most of our curves were based on experimental points obtained with an IKS-11 
spectrometer equipped with an LiF prism. For a few of the specimens the absorp- 
tion curves were obtained by means of the two-beam automatic recording spectro- 
graph of the Physical Institute of the Academy of Sciences (see figure). 

Only the valence vibration bands of Cll and Oll (near 3600 cm™ ) appear in the 
spectra of 0.5% solutions of the silicols and tert—butyl alcohol in CCl4. The 
absence of a wide band at 3100-3500 cm~! is evidence of the predominance of mono- 
molecules in the solutions. As compared with the tert-butyl alcohol, the silicols 
show @ 25% greater absorption in the hydroxyl band and a displacement of about 
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82 cm-l of the band in the direction of higher 
frequencies. This effect can be explained by an 
increase in ionic dipole polarizability and the 
strengthening of the O-ff bond in the silicols, 


owing to the replacement of the carbon atom hy the 
less electronegative silicon atom. At higher con- 
centrations the wide and intense band characteristic 
of the hydroxyl group participating on a hydrogen 
bond appears in the spectra. As compared with the 
tert-butyl alcohol spectrum, the band in silicol 
solutions has an appreciably greater intensity and 
width and its peak is displaced further to the side 
of low frequencies relative to the band of the non- 
coupled hydroxyl groups, which is indicative of 
stronger interaction between the hydroxyl groups 

in the silicols. The displacement of the band peak 
in tert-butyl alcohol is 245 cm-! whereas in tri- 
methylsilicol AA = 325 cm~!, The degree of associ- 
ation of the molecules increases with increasing 
concentration of the solutions. This is clearly 
evinced by the increase in the intensity of the 
O-H-+*0 band and the decrease in the intensity of 
the OH band. Finally, in the spectra of pure sili- 
cols and tert-butyl alcohol only the 0-H-+-0 band 
remains. The absence of the non-coupled hydroxyl 
band (which, it will be recalled, is characterized 
by a high intensity when "free" hydroxyl groups are 
present) indicates that most of the molecules are 
associated in ring-like systems, with virtually all 
the hydroxyl groups participating in hydrogen bonds, 
According to cryoscopic studies of some silicol and 
butyl alcohol solutions in cyclohexane, the associ- 
ated systems consist of four molecules. The forma- 
tion of closed groups of four molecules joined by 
ia H-bonds is in accord with the tetrahedral valence 
angles in silicon and carbon. 
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Infrared absorption spectra 
of different silicol and The nature of the solvent has an appreciable 
tert-butyl alcohol solutions effect on the dissociation process, ‘Thus, dissoci- 
in carbon tetrachloride. ation is greater in benzene than in CCly. Silicol 
solutions in cyclohexane occupy an intermediate 
position as regards the extent of dissociation, The C-Ii bonds are also affected 
by substitution of a silicon atom for carbon, Thus, as compared with tert—butyl 
alcohol, in silicols the band at about 2955 cm~! associated with the C-H group 
is reduced in intensity and shifted some 12 cm-! to the side of lower frequencies 
(see figure). 
The distinctive chemical properties of silicols, particularly their anphoteric 
characteristics, may justifiably be attributed to the strengthening of the 0-H 
bond and the strong interaction between the oxygen and hydrogen atoms of neigh- 
boring molecules due to the heightened polar character of 0-H bonds. 


Institute of Mineral Fuels of the 
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DETERMINATION OF THE TRUE ABSORPTION SPECTRUM OF LIGHT-DISPERSING 
COLORED OBJECTS FROM THEIR DIFFUSE REFLECTION SPECTRUM 


- 0.P.Girin, Z.V.Zhidkova, B.I.Stepanov, 
A.P.Ivanov & A.S.Toporets 


Determining the true absorption spectrum of the substance of particles com- 
prising a dispersing system constitutes a difficult and complex problem which 
until now could be solved only roughly, mainly by guess-work. The quantity sus-— 
ceptible of measurement —- the diffuse reflection coefficient - is dependent on a 
number of factors connected both with the properties of the reflecting layer 
(internal factors) and the conditions of illumination and observation (external 
factors). The aim of the present study was experimental and theoretical investi- 
gation of the influence of these factors. 

1, In addition to the true absorption coefficient k,, the internal factors 
include the particle size 1 and the index of refraction for the particles and the 
medium n)/no. In our theoretical evaluation of the influence of these factors on 
the diffuse reflection spectrum we analyzed the path of a light ray through a 
simplified model consisting of a scattering and absorbing layer. We assumed that 
the layer is made up of an infinite number of lamina having a thickness]. The 
derived expression for R, the coefficient of diffuse reflection of the light- 
scattering layer, as a function of the product k,l and the reflection coefficient 
ra of the particles shows that the spectral dependence of log Ry, may differ ap- 
preciably from the dependence of Kk, . 

Theoretical analysis and experimental studies showed that in the case of 
weak absorption the variation of log Ry, with the wavelength parallels the vari- 
ation of k,, the agreement being closer for smaller values of 2 and higher values 
of n)/no. The variations become wholly dissimilar, however, when the value of 
n,/no changes over the spectrum, 

The derived equations were used to determine the true absorption of different. 
types of colored glass having Imown values of Ra, 7 and r,. The values of Ry, were 
obtained by measuring the diffuse reflection of glass in powdered form with dif- 
ferent values of / and in different binding media. The computed values of ky, are 
in satisfactory agreement with the experimental values obtained with transparent 
plates, which justifies our selection of the light-scattering layer model for the 
theoretical analysis. 

2. The diffusely reflected flux is comprised of two components: an external 
or superficial one, reflected from the surface, and an internal component, re- 
flected from inside the specimen. We used a new method which allows measuring the 
two components separately to study the variation of the two components with changes 
in the illumination conditions. The new method is based on the difference between 
the two components as regards polarization: under certain conditions the external 
component retains the ‘polarization of the incident flux, while the internal com- 
ponent is depolarized. This difference makes separate determination of the com- 
ponents feasible. 

Analysis of the spatial distributions of the internal and external components 
shows that 

1) the internal and external components vary in a different manner with 
changes in the angle of incidence; consequently, the ratio of the intensities 
of the components and the value of the reflection coefficient depend on the angle 
of incidence; 

2) the shape of the dispersion curves, particularly that for the external 
component, also depends on the character of the surface of the light-scattering 
object; 

3) the characteristic curve of the internal component depends on the value 
of the absorption; reducing the absorption extends (flattens) the curve. 

It is important to bear the above facts in mind when investigating the 
spectral properties of light-scattering colored objects, 
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ABSORPTION SPECTRA OF COMPLEX COMPOUNDS /AMMINES/ IN CRYSTAL FORM 
- A.V.Babaeva & R.I.Rudyi 


The electronic spectra of complex compounds provide valuable information on 
the characteristics and attributes of such compounds. For the most part experi- 
mental data on the absorption spectra of complex compounds apply solely to com- 
pounds in solution. Yet many such compounds react to a certain extent with the 
solvent, while for others it is difficult to find a suitable solvent. These con- 
Siderations impelled us to go over to obtaining the spectroscopic characteristics 
of complex substances in the crystal state by the method of reflection from 
crystalline powders, proposed in 1934 by Karl! and subsequently developed by 
French investigators”. . 

We studied the spectra of the absorption of the crystalline powders of ami- 
nates, amino-acido- and acido-—compounds of various metals, primarily of the plati- 
num group, in the ultraviolet and visible regions of the spectrum at room tempera- 
ture. 

Comparison of the spectra of these compounds in crystals and in solutions 
showed that in the case of amino-compounds (table 1) with a purely covalent bond 
between the central atom and the substituent the positions of the absorption 
peaks are virtually identical in both cases. 


Table 1 
Location of absorption peaks in amino~compounds, m4 


[Co(NHj)}Gle 5 2 te. Crystals 470 344 
Solution AT2 340 
FARINA oles. si Crystals 300 254 
Solution 303 254 
[Pd(NH3),]Clz.H,O0 . . . Crystals 294 
Solution 295 
[Pt(NH;),]Clp.H.O ... Crystals 282 
Solution 282 
[Co(NH,),CI]Cl, .... Crystals | 488 370 
Solution |. 480 363 
[Rh(NH,);CI]Ch .... Crystals 330 
Solution S27 


In the case of mono-acido-compounds - {Co(NHg)5C1/ Clo and /Rh(NH3)5C1J Clo - 
the spectrum of the solution is shifted slightly to the side of higher frequencies 
relative to the spectrum of the crystal powder. In trans-diamine and acido- 
compounds (Table 2) the shift becomes appreciable; this may be explained by the 
effect of mutual labilization of the substituent groups, located trans to each 
other. Replacement of these by water molecules leads to a hypsochromic effect, 
which is the greater, the more trans-active the substituents. 

Investigation of the absorption spectra of a number of different chloro- 
platinites in the crystalline state showed that the location of the absorption 
peaks is somewhat dependent on the nature of the cation not absorbing light in 
the given spectral region; this is not the case in solutions. 

The spectra of isomeric amino—acido—compounds in the crystalline state con- 
stitute a reversal of the pattern exhibited in solutions. Thus in the spectra of 
solutions of di- and tetravalent platinum diamines having a cis—configuration 
the band peaks and long-wave absorption end-points are situated at shorter wave- 
lengths than the corresponding peaks and end-points of the trans-isomers3, In 
crystals, on the contrary, the peaks and absorption end-points of the trans-— 
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isomers lie at shorter wavelengths. This reversal of the spectral pattern of 
isomers incident to solution is doubtless connected with the trans-influence 
phenomenon‘, which is often relatively strong in solutions of complex compounds. 


Table 2 


Location of absorption peaks in trans-diamines and acido-compounds, mp 


[Pd(NH,)sGla}. ys os Crystals 380 | 256 
: Solution 356 
[Pt(NHs)2Cl3] i Be RAY ss Cr stals 376 295 
Solution Sti 293 
(NH,)s[RhCl,].H,0 . . . Crystals | 506 416 
(NH IPdCh| . .% . . Crystals AG4 374 
Solution 427 302 
INE TROL). is & . Crystals | 500 428 
Solution | 490 418 
aioe Sp a Crystals | 500 396 356 
Solution 470 392 328 
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THE ABSORPTION SPECTRA OF LEUCO BASES IN THE SOLID STATE 
- A.T.Vartanian 


The absorption spectra of solid leuco bases have not been investigated hither- 
to. We established that in the presence of gaseous hydrogen sulfide many dyes in 
the solid state are transformed into a colorless compound. The rate of the re- 
action increases rapidly with increasing temperature of the dye. At temperatures 
above 50°C these colorless compounds sublimate at a rather high rate. Hence, 
under vacuum one can readily obtain a uniform transparent layer of the compound 
on any suitable surface, as, for example, the surface of a quartz plate. 

The absorption spectrum of the colorless compound formed when methylene blue 
(MB) is exposed to the action of hydrogen sulfide is shown in the accompanying 
figure (Curve 1). It consists of two bands peaking at 262 and 335 my; these bands 
coincide with two of the three bands observed by Holst in the spectrum of leuco— 
MB dissolved in 0.1 N HCl. In view of the fact that leuco-MB oxidizes slowly in 
0.1 N HCl solution and turns into the dye, it may be assumed that the third peak 
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at 295 mu belongs to MB, which is 
Known to have a strong absorption 
band in this region of the spectrum. 
The absorption spectrum of a solu- 
tion of the colorless compound we 
obtained by treating MB with HoS is 
virtually identical with the spectrum 
of the leuco-MB solution; hence, it 
may be safely assumed that the 
product of the reaction of MB in 
the solid state with hydrogen sulfide 
is leuco-MB. Using the same method 
(i.e., treatment with HoS) we ob-— 
tained the leuco bases of thionine 
(Lauth's violet), thionine blue 
Capri blue, malachite (Wietoria) 
green, crystalline violet and a 
number of other dyes available in 
the solid state. The absorption 
spectra of these leuco bases also 
consist of two bands; they are loca-— 
W0 200 ted at about 255 and 335 mph in leuco- 
mt thionine; 265 and 338 mux in leuco— 
thionine blue; 245 and 340 mp in 
Absorption spectra of leuco-methylene blue; leuco-Capri blue; and 265 and 310 mm 


Optical density 


i) in the solid state, 2) in 0.1 N HCl; in leuco-malachite green and leuco— 
3) of leuco-MB film after 3 hours exposure crystalline violet. 

to air, 4) of leuco—MB film after 20 hours The solid leuco base films de- 
exposure to air. posited under vacuum acquire the 


color of the initial dye on exposure 
to air. The absorption spectra of the colored products formed indicate that the 
original dyes are restored (Curves 3 & 4). In fact the two weak bands discern- 
ible in the visible region of the spectrum of the newly deposited leuco base 
(Curve 1 at 665 and 610 mp) are doubtless due to first traces of the regenerated 
dye. The position and relative height of the peaks of these two bands, which 
coincide with the position and height of the band peaks in weak aqueous solutions 
of MB, are evidence that the monomeric form of the dye predominates in the initial 
stage of oxidation of leuco-MB in the solid state. As the concentration of re- 
stored dye increases (Curves 3 and 4), the spectrum becomes increasingly similar 
to that of a high-concentration aqueous solution of MB - as well as to the 
spectrum of a solid film of MB - which is indicative of the formation of dimers 
and polymers. 

In dry oxygen the regeneration of MB proceeds slowly and the film retains 
its pale blue color indefinitely. In a moist atmosphere the solid leuco—MB 
film first turns blue and then acquires a violet coloration similar to that 
developed by a solid film of MB after long exposure to moist air. Apparently 
water facilitates the formation of high-order polymers. 

Water solutions of leuco-MB prepared by the above described method gradually 
assume a blue color. The absorption spectra of such solutions are identical 
with the spectra of equal—concentration solutions of the dye. 
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MOLECULAR ADDITION AND THE RLECTRONIC ABSORPTION SPECTRA OF QUINONE 
AND PHENOL IN DIFFERENT STATES OF AGGREGATION 
- Vv; E. Zuev 


Quinone and phenol react in the solid state to form a complex —- phenoquinone — 
which is one of the simpler complex compounds of quinone, known as quinhydrones. 
Although numerous attempts have been made to elucidate the structure of hydro- 
quinones and the nature of the addition bonds in them, so far these remain obscure. 
Hence it appeared of interest to determine the dissociation energy of phenoquinone 
and to find out whether the complex persists in the molten state, in solutions 
and in the vapor state or whether it decomposes into quinone and phenol. 

‘We investigated the electronic absorption spectra, in the visible and ultra— 
violet regions, of quinone, phenol and their mixtures in various relative con- 
centrations, and of phenoquinone in the solid, liquid and vapor states and in 
solutions. | 

The following results were obtained: 

1. The electronic absorption spectrum of solid phenoquinone differs substanti- 
ally from the spectra of both components: in the visible region phenoquinone is 
characterized by stronger absorption than quinone (phenol does not absorb light 
in the visible region); in the ultraviolet, on the contrary, both quinone: and 
phenol have an appreciably higher absorption coefficient than phenoquinone. This 
indicates that the formation of phenoquinone is accompanied by considerable de- 
formation of the electron shells of the quinone and phenol molecules. 

2. Analysis of the spectrum of the liquid material shows that phenoquinone 
does not dissociate to any great extent in melting, which indicates that the bond 
between the phenol and quinone molecules is relatively strong. 

3. Some dissociation of phenoquinone is observed in solutions in n-hexane, 
carbon tetrachloride and benzene; the degree of dissociation increases with rising 
temperature and decreases with increasing concentration. 

4, In the vapor state at temperatures above 100°C there is virtually complete 
dissociation into phenol and quinone. 

5. We determined the dissociation energy of phenoquinone dissolved in CCl4. 
On the basis of the law of reacting masses and Buger's /Lambert-Beer/ law for a 
narrow temperature interval and a low degree of dissociation, we derived the fol- 
lowing approximate expression for the strength of the intermolecular bond: 
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where k is Boltzmann's constant, I, and Io are the intensities of the light pas- 
sing through the solution at temperatures T, and T9, respectively, and Ig is the 
intensity corresponding to complete association of phenoquinone. (By running a 
series of three experiments at different temperatures we eliminated I, from the 
equations and could thus determine U.) ‘The numerical value of the ener of dis— 
sociation of phenoquinone was found to be equal to about 13.4 Kcal mol’ per bond. 
This rather high value of the intermolecular bond energy is in accord with the 
other experimental results. 

The suggested method of calculating the bond strength can be applied in other 
cases as well. The dissociation energy of the quinone-phenol complex was com- 
puted on the basis of Iaroslavski's data! on the temperature-dependence of the 
infrared absorption spectrum of phenol. in carbon tetrachloride; its value was 
found to be approximately 3.5 Kceal moll, 
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QUANTITATIVE ANALYSIS BY MEANS OF ULTRAVIOLED ABSORPTION SPECTRA OF THE VAPOR 
- A.N.Shabadash & L.A. Igonin 


The ultraviolet absorption spectra of the vapor of many organic compounds 
(particularly, of aromatic compounds) are more selective than the spectra of the 
substances in solution. Despite this the method of quantitative analysis by means 
of the ultraviolet absorption of the vapor has. been little used, primarily because 
of experimental difficulties. The procedures suggested by a number of authors!-3 
are based on analysis at room temperatures; at such temperatures the gas cell has 
to be made at least 4-5 meters in length in order to achieve the requisite sensi- 
tivity and accuracy®, ' 

To obtain high analytic sensitivity with an absorption length of only 40-50 
cm, we developed a special absorption chamber which allows of using more elevated 
temperatures. , 

The absorption tube 1 (see 
figure) is surrounded by a water 
jacket and has tapered openings 
at both ends, ground to receive 
the conical plrgs 2 and 3 with 
sealed in quartz windows 4. The 
air is evacuated from the chamber 
through a channel in plug 3, 
which, when the plug is turned 
to the appropriate position, 

Absorption chamber communicates with the opening 5. 
The ampoule containing the in- 
vestigated substance is placed in the other end of the chamber; after the air has 
been exhausted, the ampoule is crushed by projection 7, forced against it by 
rotating the plug 2. Sleeves 8 and 9 in the water jacket provide connection to 
an ultra-thermostat. The ends of the conical plugs are warmed by means of small 
electric heaters 10. 

To facilitate vapor analysis by means of the SF-4 spectrophotometer, we con- 
structed a movable carriage for the absorption chamber which was installed between 
the hydrogen tube source and the entry slit of the spectrophotometer. 

By means of the described set-up it is possible to analyze not only substances 
which volatilize completely in the chamber but also vapors in equilibrium with 
the condensed phase. 

By way of illustration, we may cite two successful applications of the de- 
scribed method: 1) the amount of styrene, from 0.2%, in polystyrene was determined 
by analysis of the vapor in equilibrium with a solution of the polystyrene in 
CCl4; the relative concentration of styrene was determined according to a calibra- 
tion curve plotted beforehand with reference to the optical density of the 2880 A 
absorption line of styrene; 2) the amount of free phenol, from 0.5%, in phenol- 
formaldehyde resins was determined in a similar manner with reference to the 2751 A 


absorption line of phenol. The relative error of analyses was less than 15%. 
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THE USE OF INFRARED ABSORPTION SPECTRA FOR DETERMINING THE CRYST ALLINITY 


AND MELTING-TEMPERATURE INTERVAL IN POLYETHYLENE 
- V.I.Nikitin & E.1I.Pokrovski 


It has been established in recent years that the nascence of crystals in a 


number of polymers is accompanied by changes in their infrared Spectrum, It may 


be accepted as a fact that the transition of a polymer to the crystalline state 
is evinced in the infrared spectrum by the appearance of new absorption bandsl~4, 


These bands are characteristic of the crystalline state and vanish upon trans-— 


ition to the amorphous state. 

In the present report we give the data obtained as a result of our investi- 
gation of the temperature dependence of the intensity of the infrared absorption 
bands of polyethylene in the range from 20 to 250°C, The measurements were made 
on the spectrometer with a rock salt prism described earlier by Nikitin®, The 
thickness of the polyethylene films was 0.006 to 0.010 cm. The film was clamped 
between rock salt plates which were warmed by a special heater. Crystallinity 
in polyethylene is characterized by a band at 730 cm-l, however, determination of 
the percent crystallinity from the intensity of this band is difficult®, In study- 
ing the 1308 cm! absorption band in the spectrum of polyethylene we established 
that the intensity of this band varies with the temperature. We found that in the 
process of melting the absorption at 1308 cm7! increases to the point of complete 
transition of the polyethylene to the amorphous state. This led us to assume that 
the band at 1308 cm~* characterizes the amorphous phase in polyethylene. This as- 
sumption was confirmed by an investigation of the normal hydrocarbons, C 1gH34, 
Cool49, CgoHgg and CagH74. We found that in the melted state these straight— 
chain hydrocarbons have an absorption band at 1308 cm7! which disappears upon 
crystallization. The absorption spectra of eicosane in the liquified and crystal- 

line states are shown in Fig. 1. Inasmuch as poly- 


yt ethylene at room temperature is partially in the 
: amorphous state, the 1308 cm=! band also appears in 
Bie Scat er SF Sicleccdy its spectrum at this temperature. In a certain 


temperature interval t)-to the crystals melt with 

a consequent increase in the proportion of the 
amorphous phase, which leads to an increase in the 
intensity of the band at 1308 cm7!, at and above 
to the polyethylene is wholly in the amorphous state, 
so that the intensity of the 1308 cm-l band is not 
affected by a further temperature rise. Thus the 
curve reproduced in Fig. 2 permits determining the 
initial and final temperatures, t) and to, of the 
transition, The temperatures obtained in this 
manner are virtually identical with the temperature 
values determined by the dilatrometric method. 

We propose the following method for determining 
the crystallinity of polyethylene. Inasmuch as at 
to the concentration of the amorphous phase C, = l, 
Fig. 1. Infrared absorption according to the Buger-Lambert-Beer law we have 
spectra of eicosane in the 
melted (1) and in the D) = KCgd, (1) 
crystalline state (3), 
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where Dj is the optical density of the 1308 cm! 
band at a temperature t > to, K is the absorption coefficient and d is the thick- 


ness of the layer. 
Then at temperatures below to, 
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where C', is the concentration of the amorphous phase 
at the given temperature. Then, putting Cy = 1, we 
obtain from (1) and (2): 


Cla = Do/Dy. 
Thus by measuring the optical density at two tempera- 
50 100 150 200 250° tures we can readily obtain the percent crystallinity 
C. = (1 = C',)+*100 at any temperature. 
Fig. 2. Variation of the Measurements on five samples of polyethylene 


percent transmission with yielded the following average values: t, = 52°C, 
the temperature for the to = 115°C and 56% for the percent crystallinity at 
1308 cm=! band of poly- 200C, The reproducibility of the crystallinity per- 
ethylene. centage is within 5% of the measured value. 
We also investigated samples of polyethylene 

stretched to 4-5 times their initial length at room temperature and at 100°C. 
It might be assumed that the percent crystallinity would increase with stretching; 
however, our measurements show that it actually remains constant within the 
limits of the experimental error. 

An X-ray determination of the crystallinity carried out in our laboratory 
by L.A.Volkova on one of the polyethylene specimens gave a value of 55%. It may 
be assumed that the band at 1308 cm™4 is associated with the deformational vibra- 
tion of the CH, group. The absence of this 1308 cm! band in the spectra of the 
solid hydrocarbons and its appearance in the spectra of these hydrocarbons in the 
liquified state, together with the increase in the intensity of the band in the 
spectrum of polyethylene with increasing temperature in the melting interval leads 
us to believe that this band should be attributed to the bent rotational isomer. 
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THE EFFECT OF POLYMERIZATION TEMPERATURE ON THE STRUCTURE OF 
BUT ADI ENE-STYRENT COPOLYMERS 
~ A.P.Sheinker & S.S.Medvedev 


The addition of monomer molecules to a growing polymer chain in the polymer- 
ization of diene compounds may occur in different ways. In the case of polymer- 
ization of butadiene coupling occurs at the 1, 2 and 1,4 positions; in the latter 
case there are formed polymer chains differing from each other as regards the 
spatial arrangement of the Cllg at the double bonds (i.e., cis- and trans—con- 
figurations). That is, polymer chains having different configurations are formed. 
It is obviously of interest to know how the proportions of these configurations 
vary with the conditions of polymerization, 
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We used infrared spectroscopy (2-15) to investigate the composition of 
copolymers of butadiene with styrene, obtained in emulsions at different temper—- 
atures (15 to +38°C); we also determined the content of different butadiene 
links in the polymer chains. (Glycerol was used as the antifreeze in carrying 
out polymerization at temperatures below 0°C. 

The spectra were obtained in carbon disulfide solutions. The concentrations 
of the polymers varied between 16.6 and 40.9 gm/liter. The thickness of the 
solution layer was 0.2 mm, 

The number of styrene links in the polymer was determined according to the 
optical density of the band at 700 em~! which is characteristic of the benzene 
ring, while the content of the different configurations of the butadiene links 
was determined by measuring the optical density of the bands at 967 and 909 cm-l, 
which are associated with the trans- and 1,2-configurations, respectively. These 
bands correspond to the deformational vibration of the C=C-lIl groups. ‘The cis- 
configuration content was determined as the difference between the trans— and 
1,2-configuration contents and the total butadiene content. In computing the 
relative amounts of the configurations present it was assumed that the attenua- 
tion of radiation conforms to the Buger-Lambert—Beer law. 

The specific absorption coefficient k7o9 for the 700 cm~! band was evaluated 
from the intensity of this band in the spectrum of polystyrene, prepared by 
emulsion polymerization. 

For calculating the amounts of the trans— and 1,2-configurations we used the 
specific absorption coefficients given in chemical literature. The results ob- 
tained are accurate to within 2.5% on the average. Our data indicate that as the 
temperature of polymerization is increased from 0 to 38°C, the trans—configuration 
content goes down from 56 to 39%, while the amount of 1,2-configuration groups 
and styrene links remains constant at 12% and 16%, respectively. 

In the case of polymerization in the presence of glycerol the composition | 
appears to be independent of the temperature (in the -15 to +20°C interval); how- 
ever, in this case the polymers contain a higher proportion of styrene (32%). 
This is confirmed by measurements of the degree of unsaturation of the polymers: 
the number of unsaturated linkages present per gram of polymer is appreciably 
lower in the case of polymers obtained with glycerol, while the unsaturation 
calculated only for the butadiene links (taking into account the styrene content 
in the polymer) is the same in both cases (polymers formed with and without glycer- 
ol). This indicates that our data on the styrene contents are trustworthy. 

The relatively small variation of the proportions of the different configu- 
rations in polymers formed at different temperatures leads us to believe that the 
effect of the polymerization temperature on the properties of the copolymer 
product cannot be due entirely to changes in the relative content of these con- 
figurations, as has been suggested by some authors. 
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THE INFRARED SPECTRA AND TAUTOMERISM OF HETEROCYCLIC COMPOUNDS 
~ Iu.N.Sheinker & S.G.Bogomolov 


Until recently the dual reactivity exhibited by many compounds was explained 
on the grounds of tautomerism or the specific type of tautomerism known as pseudo- 
merism. . 

A different interpretation of the phenomenon has been suggested by ALN. 
Nesmeianov, M.I.Kabachnikov and others: according to the data of these investi- 
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gators the formation of two series of derivatives is often connected with the 
migration or transfer of an activity center in the process of the reaction, 
rather than with tautomerism (or pseudomerism). 

The present study was devoted to an investigation of tautomerism and dual 
reactivity in a series of heterocyclic compounds, using the methods of infrared 
absorption spectroscopy. 

We observed the infrared spectra (2.5-13 «) of a number of oxy—derivatives 
/nydroxy-derivatives/ of heterocyclic compounds (derivatives of pyridine, pyri- 
dazine, pyrimidine, pyrazine, triazine, thiazole, etc.) and the sodium and silver 
salts of these derivatives obtained as intermediate products of the reactions. 

We also studied the spectra of some mercapto- and amino-—derivatives of these 
compounds. . 

The spectra were obtained with the substances in the crystalline state and 
in solutions; particular attention was given to the absorption bands character- 
istic of the C=0, C=C, C=N, N-H, S-H and O-H bonds. 

Intense bands in the 1680-1740 cm! region, which indicate the presence of 
C=0 groups, and bands in the 3000-3300 cm! region, which may be assigned to N-H 
vibrations, were observed in the spectra of all the investigated oxy-derivatives. 
Hence all the investigated derivatives presumably have an oxo-type rather than 
an oxy-type structure. ‘The only exception to the above is n-dioxypyridazine, 
whose spectrum is indicative of an oxy~structure and the presence of strong inter- 
molecular hydrogen bonds. 

According to our spectroscopic data, the metallic derivatives of the investi- 
gated heterocyclic oxy-compounds (sodium and silver salts), which are inter- 
mediate products obtained in the reactions leading to the formation of different 
series of derivatives, all have a similar structure. Their formation is con- 
nected with enolization of the molecules (the C=0 group bands disappear from the 
spectra and new bands characteristic of unsaturated heterocyclic systems appear 
in 1500-1550 cm=! region). 

The molecules of the investigated mercapto-derivatives of imidazole, thia-— 
zole and pyrimidine have a structure similar to that of the corresponding oxygen 
derivatives, i.e., have a thiono- rather than a thiol arrangement (S-H bands at 
2560 cm~! absent; N-H bands at 3000-3300 cm! and C=S bands at 1530-1480 em7! 
in evidence). In contrast, analysis of the band frequencies indicates that the 
amino- rather than the imino-grouping is characteristic of most of the amino- 
derivatives. 

On the basis of the observed data it may be concluded that the investigated 
oxy-derivatives of heterocyclic compounds in the non-reacting, free state (i d@05 
in solutions in inert solvents and in the crystalline state) are characterized 
by an oxo-type structure and that the dual reactivity of these compounds is not 
connected with differences in the structure of the metallic salts formed as inter- 
mediate products in the reactions. Analogous deductions can be drawn regarding 
the mercapto-derivatives (characterized by a thiono-structure) and the amino- 
derivatives (having an amino-structure) of the heterocyclic compounds. 

The tautomeric relationship observed in the case of some of the investigated 
substances (specifically, n-dioxypyridazine) apparently has no direct connection 
with the reactivity of these substances. 


"S Ordzhokikidze" All-Union Chemico—Pharmaceutical 
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THE VIBRATIONAL SPECTRA AND BASICITY OF CYCLIC IMINES 
- Iu.N.Sheinker & E.M.Peresleni 


The purpose of our investigation was to evaluate the influence of ring 
strain on the optical and electrochemical properties of cyclic compounds through 
a study of the vibrational spectra and the basicity constants of cyclic imines. 

We obtained the infrared absorption spectra (2.5-13 pw) and Raman spectra of 
cyclic imines containing three to seven atoms per ring and of their simple deri- 
vatives. 

The transition from unstrained molecules (multiple-membered rings) to 
strained molecules (three— and four-membered rings) is accompanied by a notice- 
able change in the vibration frequencies of the bonds external to the ring. Thus 
the frequency of the H-C bonds increases with increasing ring strain (from 
2919 cm! in hexamethylenimine to 3062 cm-l in ethylenimine), while the frequency 
of vibration of the N-Il bonds decreases (from 3368 cm! in hexamethylenimine to 
3327 cm-l in ethylenimine — all measured in dilute solutions). In dinethylamine, 
a non=cyclic analogue of ethylenimine, Vn-H = 3360 cm™1, 

If we assume that this effect is at least partially connected with changes 
in the magnitude of the force constant of the C-II and N-Il bonds, we can expect 
the basicity of cyclic amines to decrease with increasing ring strain. And in 
fact measurements showed that the basicity constant for highly strained ethyl- 
enimine (three-membered ring) is only about one thousandth its value for pyr- 
rolidine, piperidine and hexamethylenimine (multiple-membered rings). 

llowever more extensive investigation indicates that the parallelism does not 
always obtain: thus the basicity constant for trimethylenimine is of the same 
order of magnitude as that for higher compounds, although ee strain is undoubted— 
ly present and the N-H frequency is anomalously low (3334 cm7 )e 

The formation of intermolecular hydrogen bonds is characteristic of cyclic. 
iminies in the liquid state; in consequence, two lines, having frequencies cor 
responding to the N-H--+-N (3243-3310 cm7!) and N-H (3316-3343 em-!) groups, appear 
in the Raman spectra. 

From a comparison with the data for non-cyclic secondary amines (dimethyl-, 
diethyl- and dipropylamine) it follows that the formation of closed rings favors 
intermolecular interaction. At the same time, an increase in the number of 
members constituting the ring weakens this interaction, 

These facts can be explained by taking into account steric hinderance to the 
interaction of chain rings. 

Classification of the observed frequencies through comparison with data in 
spectroscopic literature permits establishing the character of the frequency shift 
of the symmetric and asymmetric vibrations of rings with increase in ring size. 

In general the frequency of the symmetric vibrations decreases, while the frequency 
of the asymmetric vibrations increases. Molecular refractivity does not appear 
to be affected by ring closure or ring strain. 
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ASCERTAINING THE STRUCTURE O£ TH SULFONIC ACIDS OF 2-AMINO-4—METHYLTHI AZOLE 
WITH THis AID OF INFRARED SPECTRA 
~ S.G.Bogomolov, Iu.N.Sheinker & I.Ia.Postovski 


Two isomeric sulfo acids are obtained as a result of sulfonation of 2—amino- 
4—methylthiazole - one with a low, the other with a high melting point - depending 
on the reaction conditions. In heating with sulfuric acid the low melting point 
acid is transformed into the high melting point compound. 

The question of the structure of these acids and their respective derivatives 
was until recently a matter of controversy. Most investigators tended to the 
conclusion that the low melting point acid was 4-methylthiazole—2-sulfamic acid 
while the high melting point one was 2-amino~4—methylthiazole-—5—sulfonic acid. 

In the present investigation the structure of these two acids has been de- 
termined and the above conclusion shown to be erroneous through analysis of the 
infrared spectra of the 2-amino-4-methylthiazole sulfonic acids as well as of a 
number of 2-aminothiazole derivatives. 

To this end we studied the absorption of these substances in the 3000-3700 
em7! region (the region of the characteristic bands of the OH, NH and NH»o radicals) . 
Through analysis of a number of substances whose structure is known, it was es— 
tablished that compounds with an NH group at the 2-position of the thiazole ring 
have an absorption band at 3155 cem~!, while those with an NHo group are character- 
ized by a series of bands at 3115, 3270 and 3400 cm™! (all data pertain to the 
crystalline state). 

Spectra of the isomeric acids in question show that the low melting point 


: : ontya 
acid contains the NHp group and hence must have the structure y.n—\ 7—SOsH., 
fie 
S 
while the high melting point acid contains an NH group and has the structure 
N CH, 
<_. 
HN— 
ere 
SO,H 


In the light of the above, the transformation of the low into the high 
melting point acid consists of a hitherto unobserved rearrangement of a sulfonic 
acid into a sulfamic acid. 
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LOW TEMPERATURE ABSORPTION SPECTRA OF SOME NITROGEN—CONT AINING 
HELEROCYCLIC COMPOUNDS 
-—- A.N.Nikitina & G.C.Ter—Sarkisian 


We obtained and investigated electronic absorption spectra of pyridine, 4- 
picoline (4-methylpyridine), quinoline, 4-methyl quinoline (lepidine), 4—methyl- 
5,6-benzoquinoline, 4-methy 1-7, 8-benzoquinoline, acridine, 9~methylacridine, 
9-methyl-1,2-benzacridine and 9-methyl-3,4-benzacridine, at room temperature and 
at -195°C and, in addition, the spectra of 4-methyl-7,8-benzoquinoline and 9- 
methyl-1,2-benzacridine at the above temperatures and at -259°C. . 

Lowering the temperature from 20°C to the temperature of liquid nitrogen and 
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particularly to that of liquid hydrogen results in an appreciable change in the 
absorption spectra of 4—methyl-7,8- and 4—methy1-5,6-benzoquinolines, 9-methyl-1, 
2-benzacridine and pyridine. Thus, whereas at room temperature the absorption 
spectrum of 4-methyl-7,8-benzoquinoline has only 5 broad lines, at the tempera— 
ture of liquid nitrogen, 24 lines are distinguishable, while at the temperature 


of liquid hydrogen 30 lines can be seen, Moreover, the new lines are considerably 
narrower and sharper. 


In the spectra of 9-methyl- 


temperature, there are 15 much 
narrower and sharper lines at 
the temperature of liquid nitro- 
gen and 22 lines at the tempera- 
: ture of liquid hydrogen. In the 
case of pyridine, 5 absorption 
2 lines are observed at the temper- 
ature of liquid nitrogen instead 
of the continuous spectrum seen 
Absorption spectra (at -259°C): 1) 4—methyl- at room temperature. 
7,8-benzoquinoline; 2) phenanthrene. The absorption spectra of 
quinoline, 4-methylquinoline, 
acridine, 9-methylacridine, 9-methyl-3,4—benzacridine and 4-picoline change little 
when the temperature is lowered. 

In comparing the low-temperature absorption spectra of the investigated 
nitrogen-containing heterocyclic compounds with the spectra of compounds similar 
in structure but not containing nitrogen (benzene, naphthalene, anthracene and 
phenanthrene) ! certain resemblances were observed between the corresponding 
spectra. The resemblance is particularly noticeable in the case of the absorp- 
tion spectra of phenanthrene and 4—methyl-7,8-benzoquinoline at the temperature 
of liquid hydrogen: the two spectra are very similar in overall appearance and 
almost identical in some respects (see accompanying figure); the electronic trans— 
ition bands coincide and the vibrational frequencies are very close. 

Some analogies can also be traced between the absorption spectra of acridine 
and anthracene, quinoline and naphthalene. 

These data indicate that replacement of a C atom in the rings of the investi-—- 
gated aromatic compounds by an N atom does not produce an appreciable change in 
the molecular electron clouds. 
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INFRARED ANALYSIS OF THE MICROSTRUCTURE OF SYNTHETIC RUBBERS 
- K.V.Nel'son 


The methods prerasss hitherto for determining the structure of butadiene!-3 
and isoprene rubbers* require a large number of standards and involve an onerous 
procedure for finding the absorption coefficients. 4 

In the present report we describe a simple procedure, requiring a minimum 
number of standards, developed for the quantitative determination of the 1,2, 


trans-1,4 and cis-l1,4 groups in butadiene and the 1,2,3,4, trans-1,4 and cis-l 
4 groups in isoprene rubbers from their spectra in the 800-1000 cm-l region. 

The selection of reference substances ( standards) having band contours simi- 
lar to those of the absorption spectra of the analyzed rubbers makes it possible 
to use differential coefficients of absorption for purposes of analysis. In our 
opinion this procedure is more rigorous than that proposed by Richardson & Sacher*, 

The following substances, modeled after the corresponding groups in the 
polymers were synthetized: heptene-l1 (band at 909 cm-l) for determination of the 
1,2 groups in butadiene and isoprene rubbers; 2,3,3-trimethylbutene-1 (band at 
888 cul) for 3,4 groups in isoprene rubbers; trans—octene~3 and trans—decene-5 
(band at 967 em~!) for the trans—1,4 groups in butadiene rubbers. In addition, 
we made use of natural rubber and gutta-percha, consisting almost entirely (96- 
98%) of cis-l,4 and trans-1,4 groups, respectively, as standards in the analysis 
of isoprene synthetics. The spectra of natural rubber and gutta-percha differ 
only as regards the intensity and width of the bands near 840 cm~!, These over- 
lapping bands intersect at 857 and 815 cm-!; the absorption coefficients obtained 
at these points can be used for determining the 1,4—-group content. Using the 
values of the absorption coefficients at the peak (at 843 cm~!) one can determine 
the amount of the cis-l,4 and trans-1,4 components in isoprene rubber separately. 
The effect of superposition of the bands is allowed for ieee, the individual 
intensities and corresponding coefficients are determined) by calculating the 
theoretical contours according to the conventional dispersion equation, 

The analysis of isoprene rubbers is carried out with reference to the ab- 
sorption at the peaks of the bands at 909, 888 and 843 cm-! and the absorption 
at 857 and 815 cm-l, The results of the spectrometric measurements permit writing 
five simultaneous equations, solution of which gives the concentrations of the 
1,2,3,4, cis-l,4 and trans-1,4 components. Since only four equations are neces— 
sary, one equation (that for the 857 or the 815 cm7! frequency) is used for 
checking the results. 

Butadiene rubbers are analyzed by measuring the intensities of the bands at 
909 and 967 cm! to determine the 1,2 and trans-1,4 components; the cis-l,4 group 
content is then found by subtraction, 

The validity of the Buger-Lambert—Beer law for the range of concentrations 
employed (not over 1 mol /liter) was verified experimentally. 

A large number of butadiene and isoprene rubber specimens has been analyzed. 
All measurements were made in CSo solutions on a VIKS-M3 spectrometer with a rock 
salt prism. The accuracy of the infrared analysis of isoprene rubbers may be 
evaluated on the basis of the divergence between the analytically determined total 
concentration and the computed known value; in no case did the divergence exceed 
10%. Comparison of the results obtained by the described procedure with the data 
on the external C=C bonds obtained by chemical analysis and with the results of 
spectroscopic analysis with reference to the first overtone of the C-H group 
vibrations shows satisfactory agreement, 

A similar procedure for the analysis of isoprene rubbers is described in a 
recently published article by Pokrovski and Vol'kenshtein5, 

Z.D.Stepanova, graduate student of Leningrad State University, participated 
in the present investigation, 
"S.V.Lebedev" Synthetic Rubber Scientific Research Institute 
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